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Approximately 70% of all precipitation is lost through 
percolation out of the root zone or by evapotranspiration (evapo­
ration from the soil plus transpiration from plants). Estimation 
of these water loss processes has generally been on a small scale 
due to the cost and time required for their measurement. Develop­
ment of remote thermal scanners has provided a possible means of 
estimating water loss from surfaces by using the surface tempera­
ture. This study was designed (a) to determine water movement 
patterns in the soil profile and (b) to evaluate the feasibility 
of using canopy temperatures in estimating evapotranspii�ation rates 
from cropped areas. 
Soil wa.ter flux values were estimated using tensiometer data 
in both the irrigated and nonirrigated areas. Flux was upward in 
all soil depth intervals in the nonirrigated area d�r5ng the study. 
Flux in the 130-150 cm depth interval remained downward throughout 
the study in irrigated sorghum. The flux in the 15-30, 30-50, and 
50-70 cm depth intervals reversed and became upward within one 
week following the irrigation of sorghum. If flux out of the root 
zone had been neglected, and profile water deoletion equated with 
evapotranspiration (ET), ET would have been overestimated in the 
irri£ated sorghum and underP-stimated in the nonirrigated sorghum. 
Canopy temperature data indicated that the nonirrigated canopy 
was usually 1-3 C warmer than the irrigated canopy during daylight 
hours; and that during nighttime, there was no clear temperature 
difference between canopies. On most dates, the air temperature 
was warmer than canopy temperature, often by as much as 3-5 C. 
During the hours of 0000 to 0800 CDT, the canopy temperature was 
usually warmer than air temperature, often by 5-6 C. 
iv 
Tensiometer data yielded smaller estimates of evapotranspiration 
rates than did five microclimate equations used_. The equations are 
for potential ET or have been derived neglecting energy sinks; 
therefore, their estimates of ET would have been expected to be 
larger than tensiometer estimates. Two of the five microclimate 
equations used (Bartholic and Brown), employ the canopy temperature 
in estimating LT rates. Bartholic ET estimates were found to be 
approximately 17% smaller than typical ET estimates by the Penman 
and energy budget-Bowen ratio methods. The Brown method yielded 
ET rates approximately 22% larger than typical Penman and energy 
budget-Bowen ratio estimates of ET rates. The Bartholic method 
requires ·1ess input data than the Brown method. Therefore, the 
Bartholic method is slightly more desirable because of accuracy 
and less input data required. 
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INTRODUCTION 
Surface runoff has received much attention because it is the 
only visible water loss from fields. However, approximately 70% of 
the average annual precipitation reaching the continental United 
States is lost by evaporation from the soil, by t�anspiration from 
plants, and through percolation out of the root zone (Wadleigh, 
1964). Estimates of evapotranspiration (evaporat;on from soils 
plus transpiration from plants) and deep percolation (flux) of 
water from the root zone are difficult to determine, requiring 
considerable investment of labor and equipment. Rdrger et al. 
(1970) stated that water loss by P.vapotranspiration is the major 
unknov-m in studies of the water budge1:. Evidence is mounting that 
water flux out of the root zone is more than researchers had 
for•merly thought, particularly under irrigated conditions. 
Interest is growing for accurate evapotranspiration estimates 
for regions, similar to water loss by runoff estimates for large 
watersheds. With regional evapotranspiration estimates, a water 
budget analysis for large watershed areas would be mere meaningful. 
Due to the cost and time involvement of equipment and labor, 
previous evapotranspiration (ET) studies have been on very small 
and widely separated study areas. The inclusion of this data into 
an accurate ET network to estimate large-scale water use is not 
feasible at this time. 
1 
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The development of remote sensing techniques for detecting 
parameters of soils and plarts that may be related to water 
deficiency and/or water loss over large regions appears promising. 
The potential of using aerial thermal scanners to remotely detect 
soil and canopy temperatures was discussed by Bartholic, Namken, 
and Wiegand (1972). Research is indicating that the temperature of 
evaporating surfaces can give indications of the water status of 
the surfaces. If the surface temperatures determined remotely, or 
locally in the field, could be used in estimating ET rates, the 
ability of evaluating losses due to ET locally or.over large 
regions would be enhanced. 
A field investigation with irrigated and nonirrigated grain 
sorghum (Sorghum bicolor (L. ) Moench. ) was conducted: 1) to 
determine water movement and loss patterns under various soil 
water conditions and 2) to evaluate the feasibility of using 




The water conservation equation for a given volume of plant 
root zone for a given time period is 
P + I = R + �W + E + T + D (1) 
where P is the precipitaTion, I is irrigation, R is surface runoff, 
tW is the change in stored water in the soil volume during the time 
interval, E is evapcration from soil, T is transpiration from the 
plants, and D is the amount of soil water flow either entering or 
leaving the soil volume. The measurement of terms in the conser­
vation equation is dis8ussed by Rose (1966). The precipitation, 
irri.ga Lion, runoff, and change in storage terms are readily measur­
able. The profile drainage, evaporation, and transpiration terms 
are more difficult to measure. 
Between rainfall or irrigation applications, the terms P, I, 
and R, will equal zero. The water conservation equation then 
becomes 
-tW = E + T + D ( 2) 
with the terms previou�ly defined. The change in water storage (6W) 
is found as profile water storage at the end of the time period 
minus profile water content at the beginning of the period. 
Equations (1) and (2) are both in the integral form with th� terms 
being totaled over a given period of time. It is often desired to 
speak of water loss as a rate, or loss per unit of time. Equation 
(2) expressed in differential form becomes 
3 
- dW/dt = dE/dt + dT/dt + dD/dt (3) 
where Wis the water storagE' in the soil volume and t is time. 
Equation (3) is the time rate of change form of the water conser­
vation equation between water applications. The rate of evaporation 
from soil (dE/dt) and the rate of transpiration from plants (dT/dt) 
are combined to form the evapotranspiration (ET) rate term. The 
rate of profile water drainage (dD/dt) is commonly referred to as 
the soil water flux (v). So now equation (3) takes the form 
(d�/dt) = ET + V (4) 
where (dW/dt) is the rate of water storage change in the soil 
volume. 
The flux term in equation (4) can be estimated using Darcy's 
equation, 
V = Ki (5) 
where v is the soil water flux, K is the unsaturated hyctraulic 
conductivity, and i is the hydraulic gradient or the d�iving force 
(Nielsen e·t al. , 1970). In studies of this nature it is generally 
assumed that the study area is large enough to have no horizontal 
movement of water into or out of the soil volume due ·to horizontal 
gradients. Thus it is assumed that only vertical flux across the 
lower boundary caused by hydraulic gradients exists. 
Until recently, it was believed that flux of water after an 
irrigation or rainfall was significant only for the first couple of 
days following the application. This view has been formed by the 
acceptance of a "field capacity" term as defined by Veihmeyer and 
4 
Hendrickson (1949). Basically the term states that a soil volume 
will drain until a particul2r "field capacity" water content is 
reached. After draining to this point, soil was considered to drain 
a negligible amount. In the past two decades the errors inherent in 
this term have been recognized . Hillel (1971) in his text discusses 
the subjective nature of the term, that it neglects such factors as 
pre-infiltration wetness of the soil, the depth of wetting, and the 
amount of water applied. 
5 
Using the "field capacity" concept, the change in water sto.cage 
has been equated with evapotranspiration losses . 'The assumption of 
negligible water loss due to flow following irrigation or rainfall 
has received increasing attention in the past few years. Robins, 
Pruitt, and Gardner (1954) found measurable downward flux of water 
from the Oto 90 cm portion of an alfalfa root zone for 8 days 
following irrigation . Willardson and Pope (1963) conciuded that 
unsaturated movement of water out of the soil root zone profile, in 
response to hydraulic potential gradients, is a continuous process. 
This conclusion appears to exclude the possibility of upward soil 
water flux into the root zone. Rose and Stern (1965) presented a 
method for determining the drainage component of the water conser'­
vation equation using Darcy's equation and the energy status of soil 
water, but failed to present actual field data showing the magni­
tudes possible. Black, Gardner, and Tanner (1970) conducted a field 
water balance study using snap beans grown on a sandy soil . During 
the 60-day study pe1')iod, they estimated total Hater use at 35 era; 
17 cm due to ET and 18 cm due to drainage from the 150 cm soil 
profile. Goltz et al. (1971) working with an onion crop on the same 
sandy soil used by Black et al. (1970) also found drainage exceeding 
evapotranspiration during their study. In the studies by Black et 
al. (1970) and Goltz et al. (1971)� drainage from the 150 cm soil 
profile was considerable following water application and then 
decreased to near zero with time. The low drainage rates resulted 
from the marked decrease in hydraulic conductivity with decreasing 
soil water �ontent in the sandy soil. Miller and Aarstad (1971) 
also concluded that lar•ge errors are prcbable in field meas urements 
of evapotranspiration rates if deep drainage is ignored. 
As shown by the literature reports presented above, there has 
been a realization of the importance soil water flux has in the 
water conservation equation. It has also been generally considered 
that upward soil water flow into the plant root zone was possible 
only in situations where a perched water table existed close to the 
root zone. Van Bavel, Brust, and Stirk (1968a) inferred that down­
ward flux reversed and became as high as 0.4 cm/day upward into a 
sorghum root zone. LaRue, Nielsen, and Hagan (1968) estimated an 
upward soil water flux of 0.01 cm/day into a ryegrass root zone. 
Stone, Hq:cton, and Olson (1973a) using tensiometer data estimated 
upward soil water flux rates of 0.2 cm/day into a sorghum root zone. 
The data presented in the three papers cited in this paragraph 
clearly illustrate that upward soil water flux into a root zone can 
6 
and sometimes does occur. Therefore, for accurate use of the water 
conservation equation, both the magnitude and direction of the soil 
water flux must be evaluated. 
Knowledge of water flux within and into and out of the root 
zone is important in understanding water movement to plant root 
extraction volumes and in liquid transport of soluble nutrients. 
Marshall and Gurr (1954) analyzed the agreement between percent of 
water lost from a soil volume and the percent of chloride lost by 
moverr.ent from the same volume. The ugreement was best at the 
7 
higher s0il water contents and decreased as water content decreased. 
They theorized that the decrease in chloride movement with 
associated water loss as soils became drier was due to an increasing 
amount of water loss due to vapor movement. It might also have been 
due to salt sieving of chloride anions at lower soil v�ater contents, 
a fact not discussed in their paper. They did discuss the possi­
bility of negative adsorption increasing the chloride anion 
concentration in the mobile soil solution, a fact that would have 
increased the chloride anion movement loss. Doering, Reeve, and 
Stockinger (196 1t) estimated eva?oration from a field soil using 
measurem2nts of chloride accumulation in the upper 30 cm. Good 
agreement was found between the above method and results obtained 
with an evaporimeter. Their study Fas conducted on fallow soil 
with a water table maintained at a depth of 152 cm .-
The movement of chloride and nitrate anions was studied by 
W�ts�laar (1961) 1sing three fallow soil �rofiles. During a drying 
. ' _i;;__.�-------.. -,·  !.-.-��"" -·•-•s::.:t�r.: .u.l..i.J.•• • 
phase, he found a marked accumulation of both chloride and nitrate 
anions near the sm"face (0-5 cm), 2ccompanied by a decrease in the 
subsurface (5-30 cm). He found the reverse effect, surface 
depletion and subsurface accumulation of chloride anions, caused by 
rain. The subsurface did have an increase in nitrates following 
rainfall, but surface depletion of nitrates was not as clearly 
indicated as was chloride. He theorized that overall nitrate 
formation in the 0-30 cm layer, after water application, had 
prevented observation of nitrate decreases in the 0-5 cm layer. 
In a later study, 1;'7etselaar (1962) showed the movern-2nt capability 
of chloride and nitrate anions to be appf'oximately equal. The mean 
downward movement of the anions was approximately 2.5 cm per each 
2.5 cm of rainfall. This amounted to a downward movement of 
8 
approximately 60 cm during the Australian wet season. The practical 
implications of nitrate loss from the root zone due to leaching 
were discussed. Kelley (1964) presented a review of investigations 
of cation exchange and semiarid soils and discussed the practical 
requirements to be considered in irrigation. 
An experiment by 1iller, Biggar, and Nielsen (1965) dernon­
straLed that chloride movement could be altered or controlled with 
the method of water application. They found a lower total of water 
was needed to leach the applied chloride to a given soil depth 
using intermittent 5 cm water applications than fer 15 cm appli­
cations. Cassel (1971) investigated water' and solute movement 
durin.g a 3--month period for two water management regimes 
(evaporation and no evaporation) . He found leaching of s2.lts 
downward in the soil profile for all increments of water applied was 
more efficient for the covered (no evaporation) than · for the bare 
(evaporation) plot . 
Stone , Horton, and Olson (197 3b ) used a knowledge of soil water 
flux below the root zone and the r•ate of profile water storage 
change to estimate ET rates of a sorghum crop. The common methods 
of estimating ET have been by using lysimeters, microclimatological 
methods , or profile water depletion while neglecting deep profile 
soil water flux as discussed earl iAr . 
Lysimeters are large containers of soil positioned in the 
field to approximate the soil and climatic conditions of the field 
envir·onn1ent . Discussions of lysimeter methodology, use, and 
9 
problems are given by such authors as van Bavel and Reginato (1965 ) ,  
Hanks and Shawcroft (1965 ) , Ritchie and Burnett (1968 ) , and Rosenberg , 
Hart, a.nd Brown ( 1968 ) .  Two papers which discuss ET rates obtained 
using lysimeters are by van Bavel (1961 ) and McGuinness and Bordne 
( 1 9 7 2 ) . 
Many formulas and methods have been proposed for using 
microclimatologica� data in estimating potenti al or actual evapo­
transpirati0n. Potential evapotranspiration is that which would 
occur with a given atmospheric demand from a wet surface , i. e. , a 
water surface or a field recently watered where there is no 
J�estriction on the availability of wate1"\ for evapotra11spiration 
( Bartholic , Namken , and Wiegand , 1970 ) .  i'here have been numerous 
reviews of ET equati ons over the years, three of the more recent 
have been by Rosenberg et al. (1968), Bartholic et al. (J 970) , and 
McGuinness and Bordne (1972) . 
The energy balance of a crop surface can be given by 
Rn +  S + LE +  A +  PH + M = 0 (6 ) 
where Rn is net radiation, S is soil heat flux, LE is the energy 
consumed in evaporation (L is the latent heat of vaporization and 
E is the quantity of water evaporated ) ,  A is the sensible heat to 
the air , PH is the energy used in photosynthes is , and M represents 
other miscellaneous energy used. Net radiation is the overall 
difference between total incoming and total outgoing radiation 
(including both the shortwave 2nd longwave components). The 
energy used in photosynthesis has usually been estimated at 1 to 2% 
of net radiation. Lemon (1960) estimated photosynthesis of corn to 
be approximately 5% of net radiation at midday and nearly 8% for 
the total daylight period. Because of the difficulty in obtaining 
field measurement of photosynthesis efficiency and because it is 
in general less than 5 %  of Rn, the photosynthesis (PH) term is 
generally omitted from the energy balance measurements. If the 
miscellaneous (M ) term is also neglected, the ener•gy balance 
equation becomes 
Rn + S + LE +  A =  0 ( 7) 
for a crop canopy . The sign convention used is that all energy 
fluves to the crop canopy are positive and that all energy fluxes 
ct.way frotn the crop canopy are negative. 
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The energy balance equation (7) can be solved utilizing the 
Bowen r•atio (Bowen, 19 2 6 ) .  The Bowen ratio ( B )  is defined as the 
ratio of sensible heat ( A ) transport to latent heat ( LE )  transport . 
For steady state conditions, the vertical flux of sensible heat may 
be expressed by 
(8 ) 
where Cp is the specific heat of air at constant pressure, p is the 
density of air , KH is the transfer coefficient £or heat, T is the 
air temperature, and z is the height. The vertical flux of latent 
heat may be represented by 
LE = [ (�/Ma )/P] [Lp Kw ( ae/ az ) J ( 9 ) 
where Mw is the molecular weight of water, Ma is the molecular 
weight of air, P is the atmospheric pressu.re, ii is the latent heat 
of vaporization, Kw is the transfer coefficient fm· v;ater vapor, 
11 
and e is the vapor pressure. Putting equations (8 ) and (9 ) in Bowen 
ratio form yields 
(10 ) 
with the terms defined earlier. In using the Bowen ratio it is 
generally assumed that KH = Kw ,  a point discussed by Tanner (1960 ) 
and Brown and Rosenberg (1971) . The bulk of the evi dence available 
supports the validity of the assumption that K8 = Kw· The Bowen 
ratio equation utilizes the psychrometric constant which is given as 
(11) 
( Tanner, 1960) . If the temperature and vapor pressure meas�rements 
are taken· over the same intE:rval, then equation ( 10) may be w·.!'."i tten 
in finite increment f0rm 
:S = GbT/b.e (12) 
where b.T and b.e are changes in temperature and vapor' pressure over 
the same vertical d istance. Using the Bowen ratio, equation (7) 
becomes 
LE = - (Rn + S)/ (1  + B) (13 ) 
where LE is the evaporative flux or estimated evapotranspiration 
rate in a cropped area. 
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The Penman (1948) method for estimating potential evapo­
transpiration utilizes both energy balanc.e and aerodynamic principles. 
The general form of the Penman equation is 
E = (DH + 0. 27Ea)/ fD  + 0 . 27 )  (14) 
where E is ru1 estimate of evaporation loss from an open water 
surface in mm/day, D is the slope of the saturation vapor pressure 
curve for water at mean. air temperat_ure, H is an estimate of net 
radiation in evaporation equivalents of mm/day, and 0. 27 is the 
psychrometric constant (mm Hg/F ).  The Ea term is found using the 
equation 
(15 ) 
where e8 and ea are the saturated and actual vapor pressure of the 
air in mm Hg and u is the wind speed at a height of 2 m in miles/day. 
Tanner and Pelton (19 6 0 )  found Penman ET estimates from an 
alfalfa-brome stand were well correlated with, but -lower than , those 
obtained with detailed energy balance measurements . They concluded 
the error' to be pr• .i marily due ·Lo the Penman wind function term 
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which was developed for open water surfaces and does not account for 
surface roughness in a cropped area. Rosenberg (19 6 9 )  al so found 
Penman ET estimates to be slightly less than lysimeter values. He 
did find the Penman estimates to be independent of windiness, a 
fact of importance in the Great Plains states. 
Van Bavel (196 6 ) built on Penman ' s  earlier work and formulated 
an expression , containing no empirical constants or functions, for 
estimating potential evaporation. He used a combination of a 
surface energy balance equation and an approximate expression of 
water vapor and sensible heat transfer to obtain the equation. The 
van Bavel equation for potential evapotranspiration rates is g5..ven 
by 
LE = -[ (D/G) H  + LBvda ]/[ (D/G ) + l] (16 ) 
where H is the sum of net radiation and soil heat flux, da is the 
vapor pressure deficit at elevation za, and Bv is a turbulent trans­
fer coefficient for water vapor. The term Bv is defined by 
Bv == [ ( pk
2 �1v,/Ma )/P] { ua/[ln ( za/z0 ) ]
2 } (17 ) 
where k is the von Karman constant ,  ua is the wind speed at ele­
vation za ' za is the elevation above the soil surface, and z0 is the 
roughness par•ameter. 
In the original work, van Bavel (19 6 6 )  found acceptable hourly 
and daily agreement between measured and estimated evaporation from 
open water, wet soil, and well -watered alfalfa. McGuinness and 
Bordne (1972 ) working with alfalfa in Ohio found the van Bavel 
equation e-stima.ted lysimeter ET better than the Penman equation. 
2 8 4 2 5 1  
Rosenberg (1969)  also found results using the van Bavel method 
agreed more closely with lys tmeter ET than did results using the 
Penman method. The van Bavel method has been shown to be very 
sensitive to windiness ( Skidmore, Jacobs, and Powers, 1969 ; 
Rosenberg , 1969 ). 
The development and availability of the radiation thermometAr 
h2s increased the desire to use canopy temperatures in estimation 
of ET rates and plant water str'ess. The relationship between 
canopy surface temperature and plant water stress was discussed by 
Hor-ton, Namken, and Ritchie (1970) . The surface te:nperatures can 
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be dei:ermined locally in the field or r 1emotely using aircraft 
( Bartholic et al. , 1972) . When using radiat i::m thermometers, the 
emissivity of the test surface, long-wave sky radiation, and 
atmospheric attenuation must be considered if accurate results are 
to be obtained (Conaway and van Bavel, 196 7a ; Conaway and van Bavel � 
1967b ;  Bartholic et al. , 1972) . Investigations by Fuchs and Tanner 
(1966) and Conaway and van Bavel (1967a) indicate that accuracies 
of ± 0. 2 C may be achieved routinely if the three factors discussed 
above are taken into account. 
Bartholic et al. (1970) discussed an energy balance-Bowen ratio 
type equation which uses surface temperature in estimating potential 
evaporation from a wet surface with infinite fetch (an exp2nse with 
similar roughness characteristics and moisture conditions). The 
crop canopy is assumed to be a wet surface with no  water vapor 
pre ssure deficit. Therefore, the canopy vapor pressure is given 
by the saturation vapor pressure at the prevailing canopy tempera­
ture. Slatyer and Gardner ( 1965) discuss that even with leaf 
potentials of -50 bars, the relative vapor pressure _j_s 96% at 
normal temperatures .  The above assumption is then usually accept ­
able for experimental purposes. A further assumption is that the 
air near the surface is saturated a.nd the air vapor pressure is 
approximated by the saturation vapor pressure at air temperature. 
Potential evaporation is expressed by the equation discussed by 
Bartholic et al. ( 1970) 
( 18 )  
wher2 Ep is potential evaporat ion, Ta is air temperature at height 
a, T0 is surface temperature, e� is the saturated water vapor 
·pressure at Ta, and eb is the saturated water vapor pressure at T0 • 
Another equation using surface temperatures to estimate evapo­
transpiration was discussed by Brown and Rosenberg (1972 ). The 
equation is formed by pla cing the equation for sensible heat flux 
( 8 ) into the surface energy balance equation ( 7 ) .  The temperature 
difference in equation ( 8 ) becomes surface temperature minus air 
temperature. The te1�m ( K8/z ) is replaced by h, where h is the 
transpo1:..,-'c coefficient for heat and water vapor and is sometimes 
termed the eddy conductivity. The resistance to transport in air 
(ra) is given by 1/h. Equation ( 7 ) upon substitution becomes 
LE = - ( Rn  + S) + [Cpp (T0 - Ta )/ra] - (19) 
where LE is the energy consumed in evaporation and Ta is air 
temperature at sle\�ation za . The portion of the equation relating 
sensible heat flux and surface-to-air temperature difference 
[ �p (T0 - Ta )/ra] is often referred to as Newton ' s  Law of Cooling. 
From Szeicz, Endrodi, and Taj chman (196 9 )  and Bartholic et al. 
( 1 9 70 ) , ra = 1/h and 
(20) 
where d is the zero plane displacement. Equation (20 ) assumes 
neutral stability ( air temperature gradient to  be constant with 
elevation). Under condit ions of well-watered vegetation and when 
woPking near the crop sm�face, h a;:; determined from equation ( 20 ) 
is believed to work sat isfactorily (Bartholic et al. , 1 9 70) . 
, c  
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Data collected us ing the van Bavel , Penman , and energy balance · ·  
Dowen rat ic methods are quite common in tl:e literature . The 
equations have been used over a wide expanse of climate and crop 
factors and have usually performed adequately . The methods 
proposed by Bartholic et al. (1970) and Brown and Rosenberg ( 1 9 7 2) 
are virtually without support i�g data. In vie w  of the powerfulness 
of the surface temperature approach to estimate ET, these two 
methods should be evaluated against older more established methods. 
The work reported in this thesis was aimed in pai.,t at evaluating 
these two new and untested methods. 
1ost of the water lost by evapotranspiration is lost as 
evaporation from plants (transpiration). During each of t wo crop 
years, Ritchie and Burnett (1971)  est imated that transpiration from 
grain soPghum contributed 80% of the total evapotranspirat ion 
amount . T�anspirat ion from plants occurs mainly through the 
stomates of leaves , but small amounts of water vapor are lost from 
leaves by direct evaporatio� from the epidermal cells th�ough the 
cuticle . Meyer, Anderson , and Bohning (1960 ) stated that 80 to 90% 
of the water vapor lost by plants is lost through stomatal trans­
piration . Outward diffusion of water vapor through the stomatal 
openings takes place when the vapo1"1 pressure in the intercellular 
spaces is greater than that in the atmosphere. Oxygen and carbon 
dioxide also enter or depart from a leaf principally through the 
stomates . 
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Stomates , or� stomata , are minute pores which occur in the 
epidermis of plants . They are surrourided by two distinctive 
epidermal cells known as guard cells and occar primarily on the 
leaves. The degree of stomatal opening is dependent upon the 
turgor pressure difference between the guard cells and the 
surrounding epidermal cells. An increase in the tu�gor of the 
guard cells relative to that of the epidermal cells leads to a 
widening of the stomatal aperture , and vice versa ( Meyer et al . , 
1960 ) . Turgor pressure of the guard cells is affected by leaf 
water potential, temperature , light , and CO2 concentration of the 
ambient air, ( Ketellaper , 196 3 ) .  Slatyer ( 1 96 7 ) stated that under 
most field conditions, leaf water potential and light are the 
primary factors governing stomatal movement. This agrees with data 
by Brown and Rosenberg ( 1 97 0 ) that shows mean stomatal resistances 
to diffusion of water vapor and CO2 in a field study to be 
independent of CO2 concentration, air temperature, water vapor 
pressure, and wind speed . 
It is well documented that stomatal opening is strongly 
regulated by illumination. Ehrler and van Bavel (196 7 )  stated that 
stomatal aperture in well-water�d crops is determined primarily by 
illumination. Generally, stomata are closed in the dark and open 
in the light , opening wider with progressively higher illuminatJ_on 
until a saturation va lue is reached. Ehler and van Bavel (1968) 
estimated the saturation illuminance to be approximately 50  klux 
(0. 6 ly/min). Drake, Raschke, and Salisbury. (1970) in a growth 
chamber• 3i.udy found that leaf resistances to water• vapor transfer 
decreased with increasing temperature due to increased stomatal 
apertures.  They also found that at constant air temperature, leaf 
resistances were higher in dry than in moist air . 
Leaf water deficit i s  due to an imbalance in the rates of 
transpiration and water absorption. It can be generated e ither by 
an increase in evaporatj ve demand or by a lowering of water 
absorption (Ehrler and van Bavel, 1967).  The lowering cf  water 
absorption is usucilly a result of limited so il water a vailability. 
The leaf water deficit reduces turgor pressure in the guard cells 
and causes stomatal closure which causes increased leaf resistance 
to evaporation and increased leaf temperature. That water stress 
in plants causes premature closure of stomata which increases leaf 
resistance to vapor· transfer has been discussed by Kramer ( 1963), 
Ehrler and .van Ba7el (196 7),  and Szeicz et al. (1969). Szeicz and 
18 
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Long (1969) found that at moderate rates of evaporation (0. 2-0. 3 
cm/day) , the surface resistance of a grass-clover crop wa� maintained 
at a minimum until the soil water potential in the top 25 cm layer 
decreased to between -3 and -4 bars. The surface resistance then 
increased almost linearly as soil water potential decreased further 
to about -12 bars. Brown and Rosenber•g (1970) found mean daily 
stornatal resistance increasing as the soil water potential decreased 
from -0. 3 5  to -0. 52 bars. The linear increase in stomatal 
resistance found with decreasing soil water potential indicated that 
no thr·eshold soil water potential existed below which the sugar 
beet stomatal resistances were independent of soil water supply. 
The results obtained by Brown and Rosenberg (1970) suggested that 
even under well-irrigated conditions, climatic stresses character­
istic. of the Gpeat Plains environment could induce partial stomatal 
closure during afternoon hours on many days . 
Another factor influencing leaf resistance to  water vapor 
diffusion and CO2 exchange is the leaf age. Szeicz et al. (1969 )  
stated that stomata do not open wide in old leaves. Monteith , 
Szeicz , and Waggoner (1965) reported that resistance of barley 
increased as the crop matured, with the increase attributed to 
development and maturation of the crop. 
This review has investigated the literature dealing with the 
evapotr-anspiration and water movement terms of the ~water consep-­
vation °quation . In some instances, more papers discussed a 
peF:::inent topic than are listed . In attempting to keep the list 
within reasonable size, excellent articles may have been omitted. 
Building upon this re�riew, a study was conducted : 1) to further 
investigate the significance of the flux term and 2) · to investigate 
the actions of canopy temperature and the possibility of using 
canopy temperature j n  determining water use by crops. 
2 0  
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MATERIALS AND METHODS 
The work reported in this thesis was conducted on the James 
Valley Agricultural Research and Extension Center located 9. 65 km 
east of Redfield , S. D. The soil at the experimental site has been 
classified as Great Bend silt loam, a Udic-Hapoboroll fine silty 
mixed soil occurring on level positions in the southern part of the 
Glacial Lake Dakota Plain (Westin et al. , 1954). A detailed 
description of the soil profile at the test site is given in Table 1. 
The test area was 145 rn east-west by 305 m north-south. 
Nitrogen and phosphorus fertilizers were applied and the field 
planted to grain sorghum (Sorghum bicolor (L . )  Moench. ) on June 12 
in rows spaced 54 cm apart. Recorded dates of importance in the 
sorghum development were : 1) June 17, emergence ; 2) July 12, sprayed 
for greenbugs ; 3) August 6 ,  boot stage ; 4) August 16, half bloor.1 ; 
5 )  August 27, soft dough ; and 6)  November 16, grain harvest. In 
July the field was sectioned into a nonirrigated arsa (northern 1/3) 
and an irrigated area (southern 2/3). Research equipment to be 
discussed later was then positioned in each area. Rainfall and 
irrigation amounts received at the test site are given in Fig. 1 .  
The two irrigations ( 12 cm on August 7 and 8 cm on August 19) were 
applied using furrow irrigation . Plants were collecte d  on August 23 
for determination of  s ize, population , and �eaf area index (LAI).  
Both the irrigated and ncnirrigated areas were found to have a 
plant population of approximately 185 ,000 plants/ha. Height of 
Table 1. Detailed profile description of the Great Bend silt loam 
soil. 
Location : James Valley Research and Extension Center, Redfield, 
South Dakota. 
Described by : Dr . C ! J. Frazee, Plant Science Department, South 
Dakota State Un iversity. 
Parent- Material : Laminated Lacustrine Silt . 
Horizon Depth (cm) 
Ap 0- 23 
B21 23 - - 37 
Description 
Very dark gray (10YR3/l ) moist ; silt loam ; 
weak fine and m:-iderate granular structure : 
very friable when moist ; abrupt smooth 
boundary ; noncalcareous . 
Dark brown (10YR3/ 3) moist ; s ilt loa.-rn ;  
weak medium prismatic structure part ing 
2 2  
to weak medium subangular b].ocky structure ; 
very friable when moist ; clear smooth 
boundary ; noncalcareous. 
B22 37- 48 
Clea 48- 85 
C2 85-150 
Olive brown (2.5Y5/4) moist ; silt loam ; 
weak coarse prismatic struct ire ; very 
friable when moist ; clear smooth boundary � 
noncalcareous . 
Olive brown (2.5Y5/4) mo ist ; s ilt loam ; 
massive ; fPiable when mo ist ; clear) smooth 
boundary ; highly calcareous. 
Olive brown (2. 5Y4/4) moj st with 10YR5 /6 
iron stains between plates ; laminated 
silt loarn ; medium moderate plates ; f1,,iable 
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leaf canopy was approximately 80 cm in the nonirrigated area and 85 
cm in the irrigated area. The LAI was found to be 2 . 8 anri 3 . 2  for 
the nonirrigated and irrigated areas, respectively . Grain yield 
was approximately 71 hl/ha (82 bu/acre) in the irrigated area and 65  
hl/ha (75 bu/acre) in  the nonirrigated area. 
Tensi9rneters were used for estimating soil water mcvement and 
storage in the soil profile . Four mercury-manometer tensiometers 
were placed at depths of 15, 30, 50, 70, 90, 110, 130, and 150 cm , 
two in the row and two in the interrow area. A tensiometer battery 
was olaced in each of the irrigated an_d nonirrigated areas 10 m 
from the boundary between the two areas. The tensiometers were 
re fer..,enced to the soil surface and used to measure the hydraulic 
potential, ¢ = � + z, where � is the soil water pressure anc z the 
gravitational potential directed negatively dm-mward. 
The tensiometers were read daily during August 1972, normally 
between 0700-0800 hours . Soil water content ( e ) at each depth was 
estimated using the soil water pressure (lJJ ) data and a soil water 
desorption curve. The desorpt ion curve for each of the tensiometer 
placement depths had been determined using undisturbed soil cores 
in a previous study ( Stone et al. , 1973a) . Table 2 lists the 
de sorption curve and soil bulk density for each  of the various 
depths . Daily hydraulic gradients ( 3 ¢/ 3 z) were calculated using the 
hydrc2ulic potent ial readings (¢) and a know.ledge of tensi ometer 
placem.ent depth (z). The hydraulic conductivity vs. water content 
relat ionship for the various soil depth i nt:crval3 is given in Fig. 2. 
Table 2 .  Values of soil water content versus soil Wdter pre ssure and values of soil bulk 
density for Great Bend silt loam . 
· Soil Water 
Pressure 
______ D_e'"-pth ( cm_;_) ___ �-------------
( cm o� �-.:rater) 0 15  3 0  50  7 0  9 0  110 J 3O 150  
Soil Water Cont2nt ( cm3 /cm3 ) 
., .,,. ' . � 
- 5 0 ,  1.; 3 3 0 . I.J.L! 3 0 .  L�4 2 0 . /,} 3 6  0 . 4 6 8  0 • I� 9 7  0 . 5 21 0 . 515  0 . 5 2 5  
- 2 0  0 . 3 81  0 . 39 3  o . ino 0 .  1.1.12 C . 4 5 6 0 .  L� 90 0 . 5 07 0 . 5 06 0. 516 
- 1+0 0 . 3 5 1.j  0 . 3 6 6  0 . 385  0 . 3'J 5  Q .  l f. L!-5  0 . 4- 3 3  (, . L� 9 9  0 . 500 0 . 511  
- 6 0  C . 24O 0 . 35 2  0 . 37 1  0 .  3 -:3 1+ C. 438  C• . 47 7  0 . 494 0 . 4 9 6  G . S 07 
- 9 0 - u .  328  0 . 340 0 . 35 5  o . :n?. 0 . 4�9  0 . 470  0 . 48 8  0 . 4 9 2  C . 5 0 3  
·-130 0 . 310  0 - 3 :J O  0. 34 .1 0 . �� '3 l 0 . 419 O . Li.6 2 0 . 4 8 3  0.  Lt 88  C. 409 
-J_8 0 O . 31.l 0 . 32 3  o .  3 :·r) 0 . 3 5 ';  0 .  LJ. 0 9  0 .  L f  3 5  0 . Lf 78  0 .  L� 8 5 0 . 49 5  
-'.I. � �, () .  3 C �� 0 .. 31 :) 0 . 31 9 0 . .. 3 9  o . �. �) 9 (} . Lp : 7 0 . 47�  0 .  L� E3.l 0 . 4 9 2 
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Fig. 2 .  Hydraulic conductivity versus soil water content for Great Bend 
s ilt loam measured a·t seven soil depth intervals .  
l'v 
0) 
These relationships were determined in a previous study and are 
reported along with the methodology by Stone , Olson � and Horton 
(1973 c ) .  The hydraulic gradient values and the hydraulic conduc­
tivity versus soil water content dat a were used with Darcy ' s 
equation (5 ) to calculate the av€rage soil water flux. 
Daily evapotranspiration rates estimat ed using tensiometer 
dat a were obtained as total soil water depletion in the Oto 150 
cm profile minus ,;,;ate!" flux at the 150 cm depth. So il water 
depletion was determined as the integrated difference between 
consecutive daily soil water content pro= iles. .The water content 
of the soil surface ( 0-4 cm) was measured gravimetrically. The 15 
to 150 cm soil wat�r content profile was obt ained us ing soil water 
pressure dat a (ljJ ) and desorption curves. Soil water flux in the 
130 to 150 cm depth interval was corre cted to - the 150 cm depth 
using a knowledge of the water loss in the depth interval during 
the time ueriiod . Use of the above method for estimating ET rates 
requires that the lower depth in-cerval be essentially free of root 
activity. Previous work ( Stone et al. , 1973a ) indic ated grain 
sorghum root weigl i t  co be less Than 0. 1% in the 1 3 0  to 150 cm 
depth interval. 
Meas·urements of radiation , air and soil temperature, soil heat 
flux , wind speed , and humidi�y were recorded during the study. 
Instrument s used for their measurement were positioned in the 
respective study area 30 to 50 m from the irrigated-nonirrigated 
boundary. A rr..:,bi.ls field laborator:,r was located at the boundary 
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and housed recording eq_uiprnent . All measurements were recorded 
automatically except humidit-y . Humidity measurements werP made 
using a portable nonrecording instrument to be discussed later . 
Incoming shortwave or global radiation (total of direct solar 
and sky I"adiation ) was measured with a Kipp Zonen Model Gl8 
solarimet er . The instrument was located approximately 2 . 5 m above 
the soil surface in an area allowing an unobstructed field of view 
and measured incoming radiation in the 0 . 3  t:o 3. 5 µm wavelength 
range. The Kipp solarimete1" was cc:1li1rated and had a determined 
response of 8 . 73 rnv min/ly . Incoming shortwave radiation at 10 
cm elevation within the crop canopy was measured on selected dates 
using a line pyranometer . The instrument had a determined response 
of 11. 36 mv min/ly. Net radiation measurements above the crop 
canopy were made using Fritschen miniature net radiometers 
( Fritschen, 1965 ) .  A net radiometer was located at an elevation 
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of  approximately 2 . 5 m in both the irrigated and nonirrigated area . 
The instrument measures total incoming radiation minus total 
outgoing radiation in the 0. 3 to 5 0  µm wavelength range. The 
radiometer outputs were 2 .  88 and 2. 91 mv mir./ly for· the Tadiometers 
placed in the irrigated and nonirrigated areas , respectively. 
Air and soil temperatures were determined using 2 4  gauge copper­
constantan thermocouples constructed using welded junctions. An 
air tower construct ed of polyvinyl chloride� (PVC ) with insulated 
sampling ports at elevations of 20, 40 , 80, 160, 24 0, and 320 cm 
was posit i�r-.ed in each of the two study are3.s . A thermocouple was 
mounted in each port and aspiration was provided to ensure 
representative sampling .  Soil temperatures were taken at depths of 
2. 5 ,  5 ,  10 , and 30 cm in both the irrigated and nonirrigated 
sorghum areas. 
Soil heat flux was measured during the study in both the 
irrigated and nonirrigated areas. Two rectangular heat flux plates 
were placed 2 m apart in the interrow area at a depth of 5 cm in 
each area. The values fr()m the two plates were averaged to yield 
the soil he at flux for an ar1ea. 
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Radiation instrument s ,  thermocoup::i_es , and soil heat flux 
plates were all recorded automatically at 10-minute intervals using 
a Howell H28i2 data logging system . Thirty channels were recorded , 
requiring about 90  seconds total time. The system consists of a 
digital voltmeter , sc2-nner , punch converter , and paper-tape punch . 
The system can accept sensor outputs in the range of -10 to 30 mv. 
A Joseph Kaye thermocouple reference system , Model 2700, had been 
added to the data logger system and was used to reference up to 24 
thermocouples. The reference system operates in the ambient air 
temperature range of 30 to 55 C with a sensitivity of 0. 5 C u.nd a 
reference temperature of 6 5 . 6  C. The paper tape output was 
converted to computer cards at the South Dakota State University 
Computer Center. The center has an I BM 360 computer which was 
used in processing and analysis of data. A weighted arithmetic 
mean of all the 10-minute readings within an hour was determined 
where the initial and final J O-minute y,eadings were weighted 1/2 
as heavily as the 10-minute readings during the hour . The weighted 
arithmetic means for an hour were then used �n data analysis. 
Canopy temperature measurements wer•e obtained using a Barnes 
Infrared Thermometer, Model IT-3, with a 3-degree field of view. 
The instrument was positioned 3 m above the soil surface on a 
trolley that moved on an overhead track 7 m in length. The trolley 
moved back and forth on the track driven by a reversible electric 
motor and bicycle chain. The complete cycle :riequired 27. 5 min. , or 
the trolley moved at a speed of 0. 5 1  rn/min . The instrument was 
shaded from incoming shortwave radiation using styi�ofoam. This was 
done to decrease chances of error caused by instrument tempera·ture 
increase as discussed by Jackson and Idso (1969). 
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The infrared thermometer was calibrated using an aluminum plate 
coated with Parsons black paint and containing two embedded thermo·­
couples. The plate was positioned 1 m above the soil surface and in 
the thermometer scan line. Plate temperature was recorded every 10 
minutes using the Howell H2812 data logger. Voltage output from the 
Barnes was recorded continuously during a scan cycle using a strip 
chart recorder. The black plate was scanned 4 or 5 time s each hour 
during the course of the cycles. Data were reduced to yield a �ean 
hourly temperature of the black plate and mean hourly mv response 
from the instrument caused by scanning the black plate. A simple 
linear regression equation was then determined and used to estimate 
surface temperature by the instrument mv response. The linear 
regression equation was 
Degree (' -\.., 
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90. 54 - 2 . 08 mv (21) 
with the number of observations being 205, standard error of the 
estimate being 2. 35, and a r2 value of 0. 96. Due to instrument 
failur•e , the canopy temperature estimates on August 17 were obtained 
using a borrowed Barnes Model IT-3. It yielded a linear regression 
equation of 
Degree C = 85. 22 - 1. 75 mv 
with the number of observations being 31 , standard error of the 
estimate being 1. 16 , and a r2 value of 0. 99. 
(2 2) 
As discussed in the literature r'cview , there are three factors 
which need to be addressed when using field �adiation thermometry. 
The following discussion considers the steps taken to minimize these 
error-causing factors. Literature indicates that t�e emissivity of 
most crops is near 0. 98 (Fuchs and Tanner , 196 6 ; Ba�tholic et al. , 
197 2) .  Buettner and Kern (1965) reported the emissivity of an 
aluminwn plate painted with Parson t s  black to be O. 98 8. Therefor1e ,  
the emissivity difference between the calibrator plate and the crop 
canopy should have been 0. 01 or less. This is consistent with 
results reported by Carlson (1972). Therefore , in this thesis work 
emissivity differences were assumed to be small and not corrected 
for. Because the instrument was field calibrated over a long span 
of time , the erro� introduced by longwave sky radiation (Conaway and 
van Bavel , 1967a) would be minimized. This is so because the 
instrument was reading the sky radiation d�ring the black plate 
readings ; therefore, this extra radiation was accounted for in the 
instrument calibration. Atmospheric attenuation in the f �strumcnt 
range ( 8  to 14 µm) is very small and at low altitudes on dry days 
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can be neglected without introducing serious error (Bartholic et al. , 
1972 ) . 
Wind measurements were taken at two locations l m above the 
crop canopy using Belfort 3-cup anemometers. The anemometers 
register by driving electrical contacts which close at 1 . 609 km (l 
mile ) wind travel intervals . Wind data were recorded continuously 
on an event recorder using he at sensitive chart paper . The data 
were processed and are reported as the mean hourly wind speed 
obtained from the two anemometers . 
Humidity data were obtained using a portable hand-held Atkins 
thermistor psychrometer. The instrument is a resistance thermometer 
using two separate semiconductor sensors (thermistors) as the 
temperature sensors. The wet bulb and dry bulb temperatures were 
obtained five or six times during the day at 80 cm (canopy elevation) 
and 180  cm. The instrument dial could be read to the nearest 0. 3 C. 
Vapor pressures were calculated using the wet and ci1�y bulb tempera­
tures and then plotted. An hourly estimate of actual and saturated 
vapor pressure was then obtained from the plot for both the irrigated 
and nonirrigated areas . 
Leaf diffusion resistance (LDR ) measurements were made using a 
diffus'ion parameter discussed by van Bavel , Nakayama , and Ehrler 
(195 5 ) . Tqe instrument employs a cup containing a LiCl sensor which 
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responds to water vapor by causing a change in electrical resistance 
in an AC bridge circuit. The rate of change in resistance was timed 
using a stop watch and used to indicate the leaf resistance to vapor 
diffusion . The greater the stomatal closure , the more time required 
for vapor t1.,ansfer from leaf to sensor. LDR measurements uere taken 
on selected dates in both the irrigated and nonirrigated study areas . 
Measurements were taken between 1430 and 1630 hours Central Daylight 
Savings Time (CDT) on six randon1ly selected uppermost fully developed 
leaves in each area . The cup was po:s itio�.1.ed. on the uppei'"' leaf 
surface and the time required for resistance change measured . The 
time, iu seconds , for the humidity to increase the fixed amount was 
corrected for• the temp2rat'1..:.re dependent factors of instrument 
sensitivity and molecular diffusivity of water vapor in air . The 
LDR values reported in this thesis are the mean corrected values for 
the six leaves in each area . 
Five equations for estimating actual_ or potential evapo­
transpiration were given in their original form in the literature 
review . After the constants were est imated for the conditions of 
this study, the e(i_uations were each put into a working form. Some 
of the original symbols were changed to conform with identical 
terms in . other equations. 
Estimated actual evapotranspiration by energy balance-Bowen 
ratio requires determination of the psychrometric constant ( G) .  
Using equation (11 ) and the values listed in Table 3, G is 
Table 3. Values of constants estimated for the conditions of the 
1972 study and used in ET predictive equations. 
Symbol Description Value 
C Specific heat of air at constant 0. 24 cal/gC p 
pPessure 
p Density of air l. 15xlo-3 g/cm3 
Mw Molecular weight of water 18. 0 g/mole 
Ma Molecular weight of air 28. 9 g/mole 
p Atmospheric pressure 980 mb 
L Latent heat of vaporization 580 cal/g 
k von Karman constant 0 , 4  (dimension-
less) 
Z a  Instrument elevation above the 180 cm 
soil surface 
Zo Roughness length 8 cm 
d Zero plane displacement 20 cm 
G Psychrometric constant 0. 65 mb/C  
calculated to be 0. 65 mb/C. The working formula for ET by the 
energy budget-Bowen ratio method becomes 
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ETEB = - (Rn + S)/ [l + . 65 (Tl80 - Tao)/ (ealBO - eaao)J (23 ) 
where ETEB is estimated ET in ly/min, Rn is mean net radiation in 
ly/min during the hour, S is the mean soil heat flux in ly/min during 
the hour, T180 is the mean air temperature during the hour at 180 cm 
in C, T80 is the mean air temperature during the hour at 80 cm in C, 
eal80 is the actual vapor pressure during the hour at 180 cm in mb, 
and ea80 is the actual vapor pressure at 80 cm during the hour in 
mb. Temperatures were measured using the thermocouple air towers, 
and vapor pressures were estimated. using the Atkins psychrometer. 
The conversion of the Penman equation (14) to units used in 
this study was similar to that done by Hanks et al. (1971). The 
working formula for estimating potential ET by the PenmRn method 
becomes 
ETPN = - [ (D/G)(Rn+S)+. Oll (l+. 537u1so)(esl80-ea18o ) J/[ (D/G)+l] (24) 
where ETPN is estimated potential ET in ly/min, D/G is found using 
the mean air temperature and a published table (van Bavel, 1966), 
u180 is mean wind speed during the hour in m/3cc r.1eas'...i1.,ed at za, and 
eslBO is saturated vapor pressure at za in mb determined using the 
Atkins psychromcter. 
The working form of the van Bavel equation (16) is 
ETVB = -[ (D/G) (Rn+S)+ (. 045u180) (eslBO-eal80 ) ]/ [ (D/G)+l] (25) 
where ETVB is an estimate of potential evapotranspiration in ly/min. 
The value of za in equation (�7 ) Has adj usted by using the zero plane 
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displacement value . The term i n  (17 ) then became ln[ (za-d )/z0] . 
The actual values of z0 and d shown in Table 3 were not measured due 
to lack of wind profile data necessary for their calculation . They 
were estimated for crop conditions of the studv using published 
information (Lemon, 1960 ; Rose, 1966 ; Szeicz et al. , 1969 ;  
Bartholic et al . ,  197 0 ) .  
Two equations using surface temperatures to estimate evapo­
transpiration were used in this study. Surface temperatures used 
were an hourly estimate of canopy temperature obtained usiug the 
Barnes Infrared Thermometer . The Bartholic equation (18 ) in the 
worJ<ing form is 
(26 ) 
where ETBA is potential evapotranspiration in ly/min, Tcan is mean 
hourly canopy tempera�ure in C, eJ80 is the saturated vapor pressure 
at T180 in mb , and e '  _ _ _ is  the saturated vapor pr·essure at Tc in Cau an 
mb . Saturated vapor pressures were found using the published 
saturation vapor pressure over water versus temperature relationship 
(List, 1958 ) .  The working form of the Brown equation (19 ) is 
ETBR = - [ Rn+S- . 029u180 (Tcan-T180 ) ] (27 ) 
where ETBR is estimated evapotranspiration in ly/min . 
All ·statistical analyses reported in this thesis were conducted 
using Steel and Torrie (196 0 ) and Spiegel (1961 ) as references . 
RESULTS AND DISCUSSION 
Soil water pressure (�) was determined daily at eight 
tensiometer depths during the study. The variation of soil water 
pressure with time for each depth is shovm in Fig . 3 and 4. Figure 
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3 shows data obtained in nonirrigated sorghum and Fig. 4 was obtained 
for irrigated sorghum. Standard deviation (SD) of the mean for each 
depth was calculated on August 4, 10, 16 , 22 , and 28 in the non­
irrigated plot and on August 10, 16, 22, and 28 in the ir·rigated 
plot. The mean value ± SD is shown where SD ·was greater than 2. 0 
cm of water . The SD values are usually greater when soil water 
pressures are decreasing rapidly with time. 
Soil water pressures in the nonirrigated plot at depths of 
15 and 30 cm decreased to approximately -800 cm of water (Fig. 3 ) . 
The change in soil water pressure with respect to time decreased 
drastically after• reaching the -750 cm level. Perrier and Evans 
(1961) stated that mercury-manometer tensiometers could be used to 
approximately -850 cm of water with reliability. The tensiometer 
readings for the 15 cm depth are approaching the limit for reliabili­
ty and their values could be considered suspect after approximately 
August 10. The differential water capacity ( -d0/d� ) decreases 
(absolute value) as the soil water pressure decreases. As the soil 
dries, a given error in soil wate� pressure estimates would be 
accompanied by progressively smaller errors in soil water content 
estimates. Due to this fact, possible errors in the soil water 
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Fig. 3 .  Soil water pressure versus data for the eight 
tensiometer placement depths in nonirrigated 
sorghum . Each datum point represents a mean 
of four tensiometer readings . Standard deviation 
( SD) of the mean for each depth was calculated 
on August 4, 10, 16, 22, and 28 .  The mean 
value ± SD is shown where SD i s  greater than 
2 . 0 cm water. 
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Fig. 4 .  Soil water pressure versus date for the eight 
tensiometer placement depths in irrigated 
sorghum. Each datum point represents a mean 
of four tensiometer readings. Standard deviation 
(SD) of t�e mean for each depth was calculated 
on August 10, 16, 22, and 28. The mean value 




pressure region of -800 cm of water would have little effect on 
water content errors, and even less effect when considering the 
entire 0-150 cm soil profile . Van Bavel, Stirk, and, Brust (1968b) 
determined water contents of sorghum areas following irrigation 
using the neutron moderation method. They found that 0. 31 cm3 of 
water per crn3 of soil volume was depleted at the 10 cm depth during 
the initial 15. 5 days following irrigation. During the next 14 
days, 0.02 cm3 of watP.r per cm3 of soil volume was depleted. They 
observed depletions at the 20 cm d.epth of similar magnitudes as 
those observed at the 10 cm depth . As depletion rates in the 
shallowe� depths decreased , the depletion rates in the deeper depths 
increased . The pa Lterns that were determined using water contents 
are simj lar to those in Fig. 3 determined using soil water 
pressures . That is, �s soil water pressure changes in the shal lower 
depths decreased , the wa�er pressure changes in the deeper depths 
increased . The depth of maximum change in soil water pressure 
progressively moved deeper into the soil profile . 
Water was appli ed to the irrigated sorghum plot on August 7 
(12 cm) and on August 19 (8 cm) . During the 12-day period following 
each irrig&tion , the pattern of soil water pressure change was 
similar (Fig. 4- ) . The soil water pressure at the 15 cm depth 
decreased to approximately -750 cm of water during the 12 days. 
As drying at the 15 cm depth occurred, the soil water pressure 
decreased at a:r_ increasing rate at the 30 cm depth. The rate of 
soil water pressu:.'"'e change at depths of 50 cm and deeper was 
relatively constant with time . The water contents ( 0) of the eight 
tensiometer. depths were est i�ated using soil water pressure data 
from Fig. 3 and 4 and the desorption curves given in Table 2 .  
Average hydraulic gradients witnin a time period were 
determined using tensiometer data at each end of the time period 
and are presented versus date for nonirrigated and irrigated 
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sorghum in Fig. 5 and 6, respectively . Average hyd1"aulic gradients 
for four of the seven soil depth intervals are pres2nted to avoid 
congestio 1 .  The hydraulic gradients (a¢/ az· )  were determined using 
the hydraulic potential readings (�) and a knowledg . of tensi orneter 
placement depth (z) .  Negative values of  hydraulic gradient indic&tc 
upward water movement .  
Hydraulic gradients in the nonirr5_gated sorghum (Fig . 5) were 
upward in direction for all but one measurement. The upway,d gradient 
in the 15-- 30 cm layer decreased (absolute value) with time during 
the study. The gradient in the 130-150 cm soil layer leveled off at 
approximately -0 . 6  cm/cm during the final thr•ee weeks cf the study . 
Water was being supplied to the root zone from below the 150 cm depth 
and evapotranspiration was greater than water depletion in the 0-150 
cm soil . profile would indicate. Upward movement of water soluble 
sa2-ts would be expected to have occurred throughout the 0-150 cm 
soil profile during the study. The magnitude of the upward salt 
movement would be dependent upon the concentration of salts present, 
the solubility of the chemicals, the resistance of the soil to 
chemical mqvernent, a.ncl the magn i.tu<le of the soil water flux . 
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Fig . 5 .  Hydraulic gradient versus date for four depth 
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Hydraulic gradient versus date for four 
depth intervals in irrigated sorghum . 








The hydraulic gradients shown in Fig. 6 were calculated using 
irrigated sorghum data . The gradient in the 1 30-150 cm soil layer 
was downward in direction at all times, decreasing from approximately 
0. 8 to 0 . 5  cm/cm following both irrigations. The gradient in the 
three upper soil layers was initially downward in direction and 
later reversed and became upward. The maximum upward gradient was 
in the 15 - 30 cm soil depth interval. During much of the study, 
water was moving from the bulk of the sorghum root zone in both 
vertical dir)ections and water' was also being lost from the profile 
by plant root extraction. Because the gradient for water flow was 
dowhwarG £ �om the root zone, evapotranspiration estimated using 
uncorrected profile water depletion would have been too large. 
Average estimated values of soil water flux within four soil 
depth intervals are sho¼n versus date in Fig. 7 and 8. The flux 
values were estimated using Darcy's equation (5 ), hydraulic gradient 
values as shown in Fig. 5 and 6, and the hydraulic conductivity 
versus water content relat�onships of Fig. 2. The proper hydraulic 
conductivity value was selected from Fig. 2 after the average water 
content was determi11ed. using soil water pressure data ( ljJ ) and Table 
2. Negative values of soil water flux indicate upward water 
movement. 
Figure 7 presents the estimated values of soil water flux for 
four soil depth intervals in the nonirrigated sorghum area. Upward 
flux in the 1 5 - 30 cm layer decreased (absolute value) to near zero 
on August 1 7 . This uas due to a decrease in magnitude of the upward 
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hydraulic gradient (Fig . 5) and decreasing hydraulic conductivity 
with decreasing water conte�t. The upward flux of water in the 
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30-50 cm and 50-70 cm soil layers also decreased w ith time. Upward 
water flux in the 130-150 cm depth interval increased to approximately 
0. 17 cm/day (absolute value) on August 14-15. The upward flux value 
then decreased and remained in the vicinity of 0 . 11 cm/day during 
the remainder of the study. Because of the drawing scale, the 
cycles in the final two weeks of the study appear quite large. 
However, the flux values varied between approximately -0. 09  and -0. 13 
cm/day, for a maximum spread of only -0.04 cm/day. Upward flux into 
the root zone contributed approximatelj 0. 11 cm of water per day of 
that used in evapotranspiration in the nonirrigated area during the 
final two weeks of the study. 
The average water flux values in four soil depth intervals in 
the irrigated sorghum are presented in Fig . 8. Downward water flux 
in the 15 -30 , 30-50, and 50-70 cm depth intervals decreased to zero 
and then flux became upward in direction. The water flux in the 
130-150 cm depth interval was downward throughout the study , but did 
decrease with time following irrigation. The fi.ux patterns following 
the two irrigations were similar in nature. 
The water depletion rate from the 0-150 cm soil profile was 
calculated using water content profiles. Flux corrected to the 150 
cm depth was obtained using the average water flux in the 130-150 
cm depth interval (Fig. 7 and 8) and a knowledge of water content 
change. E�apotranspiration rates were then est imated by correcting 
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depletion to account for the water flux at 150 cm (equation 4) . The 
estimated depletion, flux, a!ld evapotranspiration rates are plotted 
versus date in Fig. 9 and 10. 
Figure 9 shows the water loss rates in the nonirrigated 
sorghum. For all but one date, water was moving upward into the 
root zone. I f  evapotranspiration had been estimated with  the 
commonly used methods of  neutron scattering or gr'avimetric sampling 
while neglecting watey, flux , evapotranspiration would have been 
underestimated throughout the study in the nonirr·igated ar-ea. Tl1e 
evapotransplration estimdtes showed a decreasing trend throughout 
the month-long study. 
The water loss rates in the irrigated sorghum are shown in 
Fig. 10. Water flux at the 150 cm depth was from the root zone 
throughout the study. Ev�potranspiration would have been over­
estimated if flux had no i: been taken into account . The evapo­
transpiration estimates in the irrigated sorghum stayed at a 
somewhat level trend and did not show the decreasing trend seen in 
the nonirrigated sorghum. 
Mean values of leaf diffusion resistance ( LDR) to water vapor 
transfer are shown versus date in Fig. 11. Measurements were made 
in each area on six fully developed sorghum leaves exposed to 
sunlight at approximately 1530 hours CDT on the date indicated. 
The mean values of the six readings ± SD are shown.-
I llumination and leaf water potential are usually considered 
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Fig. 9. Water loss rate in cm/day versus date in the nonirrigated sorghum. 
Water is lost by evapotransp iration and flux at the 150 cm depth. 
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The measurements were taken on leave s fully exposed to sunlight at 
approximately the same time each day to reduce the fluctv 1tions 
caused by illumination variance. This was done in an attempt to 
obtain leaf diffusion re sistance measurements as a function of the 
internal water status of the leaves. However, due to the complex 
actions of leaf water potential, temperature, sunlight, and leaf age 
among others, the comparison of absolute value s of leaf diffusion 
resistance from day to day to evaluate leaf water deficit i s  suspect. 
Therefore, it is  probably more accurate to evaluate the difference s 
between t he irrigated and nonirrigated leaf diffusion re sistances 
than it  is  to evaluate the magnitude s. For the same date, the 
evaporative deman<l on the plant produced by the atmosphere should be 
similar in the irrigated and nonirrigated areas. Differences in leaf 
water status indicated by the leaf diffusion re sistance measurements 
should then be an indication of the different soil water availability 
in the two areas relative to the evaporative demand. 
After August 10, the leaf resistance to vapor transfer was 
consistently greater in the nonirrigated plants than in the irrigated 
plants. This indicated greater stomatal aperture in the irrigated 
plants, probably caused by greater soil water availability and uptake 
in the irrigated area. Irrigations were on August 7 (12 cm) and on 
August 19 ( 8  cm). During the first irrigation cycle , the average 
difference between nonirrigated and irrigated LDR was 4. 1 sec/cm, 
with the difference exhibiting an increasing trend with time . 
During the same time interval, the average difference between 
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nonirrigated and irrigated soil water pressure at the 50 cm depth 
was - 3 30 cm of water (Fig. 3 and 4). The average difference between 
nonirrigated and irrigated LDR during the second irrigation cycle 
was 10. 6 sec/cm. The average soil water pressure difference during 
the second irrigation cycle at the 50 cm depth was -5 25 cm of water . 
Therefore, it was apparent that during the second irrigation cycle , 
the greater difference in soil water availability was accompanied by 
a greater difference in LDR measurements in comparison to the first 
irrigation cycle . The SD data of Fig . 11 indicate an increase in 
variability of LDR measurements as leaf resistance measurements 
increase. Aston and van Bavel ( 197 2) discussed the possibility of 
using canopy temperature variability within a field to indicate water 
deficits. The data of Fig. 11 and Aston and van Bavel (1972 ) do 
suggest a differential response of plants to water stress, the 
differential increasing as stress increases. 
Evapotranspirat ion rates estimated using tensiometer data from 
the irrigated and nonirrigated areas are presented in Fig. 12. The 
plot is presented to aid in visual analysis of the ET rates 
presented in Fig. 9 and 10. During the first irrigation cycle, the 
nonirrigated ET rates were slightly lower than the irrigated ET 
rates on eight out of nine days. During the second irrigation 
cycle, the nonirrigated ET rates were much lower on five out of 
eight days. On August 22 and 23 a low evaporative - demand was 
placed upon the crop by the atmosphere; August 22 had a mean hourly 
maximum te�perature at 80 cm of 22 . 5  C and a mean hourly maximum 
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Fig. 12. Evapotranspiration estimated using tensiometer data versus date 




global radiation value of 0. 9 ly/min, and August 23 had a mean hourly 
maximum temperature at 80 cm of 22. 0 C and a mean hourly �aximum 
global radiation value of 0. 5 ly/min . Therefore, with the low 
evaporative demand, the low and similar ET rates were not surprising. 
Apparently, the soil in both area3 was capable of supplying suf­
ficient amounts of water as dictated by the evaporative demand. On 
the dates of August 21+-29 , it would appear that the nonirrigated 
soil could not supply enough water to the crop and the lower ET rates 
resulted . 
It should be noted that the irrigc1ted ET rates were similar in 
each of the two irrigat ion cycles. The nonirrigated ET rates showed 
a general decrease in value during the study. This indicates there 
was no cbange in irrigated ET rates due to changes in available soil 
water, but does indicate a decrease in nonirrigated ET rates due to 
insufficient available soil water to keep up with the evaporative 
demand placed upon the crop. This fact should be illustrated by an 
increase in leaf stress as shown by Fig. 11 data. The LDR data 
indicates a gradual increase in stress in the nonirrigated area 
relative to the irrigated area. The increased difference in LDR 
values followed the same general pattern as the increased difference 
in ET rates between the two areas. 
A comparison of the ratio of evapotranspiration by tensiometer 
to pun evaporation versus pan evaporation values for the irrigated 
and nonirrigated sorghum areas is presented in Fig. 13. A simple 
linear regression equation was determined by the least squares method 
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Fig . 13. Ratio of evapotranspiration by tensiometer 
to pan evaporation versus pan evaporation 
for the irrigated (upper) and nonirrigated 
(lower) sorghum. 
5G 
for the data from each area . The regression and correlation 
5 7  
analysis of the data yielde<l similar results, although thP regression 
equation for the irrigated area does yield slightly larger estimates 
of ET /E than does the equation for the nonirrigated ar•ea. pan 
The ratios in Fig. 13 are usually less than l. 0 and indicate 
that an increase in evaporation rate from the pan was not accompanied 
by a similar increase in ET rates. The failure of ET rates to 
increase in an amount corresponding to the increase in evaporation 
from a pan could be due to : 1)  a ldck of sufficient available soil 
water ; 2 )  the inability of the plant to conduct water from the root 
to the leaves in adequate amounts ; 3) stomatal control acting &s ct 
regulator to moderate the water loss from leaves, possibly as a 
result of an atmospheric factor or condition 1 or 2 ;  and 4) changes 
in leaf geometry. Pruitt and Lourence (1968) discussed the occurrence 
of grass leaves curling or rolling and taking on a cylindrical shape, 
with some loss of turgor. The curling or rolling , on days of high 
advection conditions, was associated with decreased ET/Epan ratios. 
Hanks, Gardner, and Florian (1968) , working with grain sorghum, 
found ET/E value s similar to the ratios of Fig. 13 . pan 
Hourly sorghum canopy temperatures were determined using a 
Barnes Infrared Thermometer. Sorghum canopy temperature data, along 
with air temperature data at the 80 cm elevation , are plotted in 
Fig . 14, 15, 16 , 17 , 18, and 19. Data for air and canopy in both 
the irrigated and nonirrigated areas are plotted for times when the 
syst2m was moving m�er both areas. 
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Fig . 16 . Hourly air and sorghum canopy temperatures on August 10, 11 , 
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Fig. 19. Hourly air and sorghum canopy tempera tures on August 28, 29, 
and 30, 1972. m 
Cu 
The data in Fig . 14 were taken before any irrigation water was 
applied. The figm"'e illustrates good agreement between i rrigated 
and nonirrigated areas for both the air and canopy temperatures . 
This indicates that before irrigation, the two vegetated surfaces 
were responding to their environment in a similar manner . After 
irrigation (1600 hours CDT on August 7), differences were noted 
between the canopy temperatures of the irrigated and nonirrigated 
areas. 
64 
The canopy ternpe1•ature data �n Fig. 14 through 19 indicate ct 
very complicated relationship between a plant t s temperature and its 
environment. A few general trends did occur, with apparently none 
holding true at all times ; that would be expected considering the 
number of  actions and reactions in the plant-soil--atmosphere 
environment. During daylight hours, the nonirrigated sorghlli� canopy 
was usually 1-3 C warmer than the irrigated canopy . During night­
time hours, there was little recorded difference between the 
nonirrigated and irrigated sorghum canopy temperatures . The 
difference was usually much less than 1 C, indicating lack of real 
canopy temperature differences during nighttime. 
In . daylight hours , the sorghum canopies (both irrigated and 
nonirrigated) were usually cooler than the air temperature. The 
crop canopy dissipates energy through the processes of transpiration, 
radiation, and convection . The degree to which these energy 
dissipating processes occur greatly affects the plant temperature . 
There was much variation in the magnitude of daytime air minus 
6 5  
canopy temperatures, but 3-5 C differences were often recorded. 
This agrees with work report-ed by van Bavel and Ehrler (1968), that 
sorghum foliage was several degrees cooler than ambient air during 
the middle of the day. On cool days tl� reverse was true , with the 
canopy being warmer than air at midday. Two of the days exhibiting 
canopy temperatures greater than air temperatures were August 24 and 
25. On August 24, the air temperatures were exceeded by both the 
nonirrigated and irrigated canopy temperature� .  Ca�opy temperatures 
were 2-5 C warmer than air• temperatures . On Augu:::.t 25, ·the non­
irrigated canopy temperatures exceeded air temperatures at mid­
afternoon, but the irrigated can0py te;nperature was less than air 
temperature. Air temperatures were lower than u3ual on both of 
those days . 
Late in the afternoon, approximately 1600 hours CDT, the 
canopy temperatures would start declining . The decline coincided 
with the sharp decrease in incoming shortwave radiation noted at 
appr·oximately 1600-1700 hours . The initiation of air temperature 
decline was usually 1 to 2 hours after the canopy temoerature 
decline. That would be expected because the canopy abso1..,bs ra<liat ion 
which aids in heating the air ; as radiation drops off, the canopy 
responds quickly and the air then reflects the decrease in canopy 
absorption by dropping in temperature. 
During early morning hours, 0000 to 0800 hours CDT, the canopy 
temperature was usually greater than the air" temperature . The 
difference was often as much as 5 -6 C. Rosenberg and Powers (1970 ) 
6G 
reported alfalfa temperatures greater than air temperatures during 
nighttime. Apparently, the canopy with its higher heat crtpacity than 
air, decreased in temperature until approximately 0000-0100 hours 
and then leveled off somewhat, while the air temperature continued to 
decrease until approximately 0600 hours. On the nights of August 10 
and 11, the canopy temperatures decreased to a cooler temperature 
than the air. That agrees with diurnal work reported by Ehrler and 
van Bavel (1967), van Bavel and Ehrler (1968), and Carlson (1972). 
It mlght be noted tha t those three artlcles contain a total of four 
diurnal temperature cycles. In view of . the many varied responses 
evident in the data of this thesis, it would appear that more than 
one diurnal cycle would be needed before meaningful trends of canopy 
temperature could be recognized. No measurable reason for the 
nighttime patterns observed on August 10 and 11 could be found from 
the data. There appeared to be no divergences from usual nighttime 
data of air temperature, soil temperature, and wind speed. There 
could have been differences due to atmospheric humidity levels or 
possibly due to plant growth stage. Humidity data were not collected 
during the nightt ime and the point can not be checked further. 
Incoming shortwave radiation and canopy temperature were 
recorded continuously during a 20-minute time span on August 30. The 
Barnes was stationary and monitored irrigated sorghum canopy tempera­
tures while radiation was measured at 12 -second intervals using the 
data logger. The plots of incoming shortwave radiation and canopy 
tempera�ure versus time are presented in Fig. 20. During the study 
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Fig. 20. Variations in incoming shortwave radiation and canopy temperature 
versus time in irrigated sorghum. 
en 
'-l 
time, there was little measurable change in atmospheric conditions 
other than radiation. Air temperature during the study was at 
approximately 30. 8 C with little variation evident . , Figure 20 
illustrates that canopy temperature was very responsive to a change 
in its radiation environment. Wiegand and Namken (1966) presented 
a correlation coefficient of near 0. 95 between leaf temperature of 
cotton and incoming radiation. 
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There were two tj mes when radiation increased to greater than 
1. 0 ly/min , remained at that level for over one miTuute, and then 
decreased abruptly. The two times were at approximately 1403 and 
1412 CDT. In both cases, the canopy temperature soon increased 
sharply and then tended to fluctuate slightly with the radiation 
changes. At slightly later than 1404 and 1413 CDT, the radiation 
dropped sharply to approximately 0 . 5 ly/min and remained near 
constant for a minimum of one minute. In both cases, the canopy 
temperature dropped sharply but did not level off as did the 
radiation values. The canopy temperature continued to decrease at a 
decreasing rate. The data indicate the plant to  respond more 
rapidly to radiation on the heating portion than on the cooling 
portion of the cycle. 
Microclimate and canopy data used in estimating evapo­
transpiration are presented in Tables 4 through 12 . All values 
listed are t he mean values for an hour. The ET predictive equations 
were not used on other dates because of incomplete data. The use of 
nine dates provided approximately 100 hours of irrigated and 100 hours 
Table 4. Mean hourly data used in calculation o
f ET estimates. Data  presented for irrigated 
and 
nonirrigated sorghum, August 11, 1972, Redf
ield, S. D. 
Incoming Soil heat 
Vapor pressure Alr temp at 
Me an shortwave Wind Net radi ation flux 
Bowen ratio deficit 180 cm elev Canopy temp 
time radiation speed Irri  Nonir Irri Nonir Irri 
Nonir Irri Nonir Irri  Nonir Irri Nonir 
( CDT) (ly /min) (m/ sec ) (ly/min) (ly/min ) 
(r.ili ) ( Deg C) ( Deg C) 
0830 0. 37 l. 3 . 17 . 17 . 0  . o  
0. 33 0 ,, 09 3. 7 4. 1 23 . l 21. 5 20. 0 20. 0 
0930 0. 61 1. 8 . 37 . 38 -. 03 - . 02 
0. 39 0. 16 6. 6 6 . 9 26 . 5  24. 5 23. 4 24. 0 
1030 0. 83 1. 8 . 56 . 61 -. 05 -. 03 
0. 52  0. 05 9. 4 9. 7 29. 6 27 . 9  26. l 26 . 5  
1130 1. 00 2. 2 . 72 . 82 -. 03 -. 05
 0. 09 0. 05 12. 2 11. 9  30. 8 29. 4 27. l  
28. 8 
1230 1. 11 2. 5 . 81 . 90 - . 11 - .
05 0 . 0 0. 05 14. 3 13. 3  31. 2 30. 3 
27. 9  29 . 6  
1330 1. 17 l. 6 . 87 . 95 -. 13 
-. 06 0 . 28 0. 18 16 . 4  14. 6 :n. 4  30. 4 
27. 5  29. 6 
1430 1. 09 1. 1 . 76 . 90 - . 10 
-. 06 0. 16 0. 15 17 . 6  15. 8 31. 7 
31. l 2 8. 1 30. 6 
1530 0. 98 1. 3 . 82 . 92 -. 11 
-. 07 0. 0 0. 08 18. 1 16 . 9  31. 9 31 . 4  
27. 9  31. l 
1630 0. 64 0. 9 . 50 . 55 -. 10 -. 06 
-0. 27  -0. 16 18.7  18 . 0  31. 4 30. 8 26 . 7  
27. 9  
1730 0. L�O 0. 7 . 26 . 29 -. 08 
-. 06 -0 . 46 1. 08 19. 3 19. l 30. 8 30. 5 
25. 2 26. 5 
1830 0. 43 1. 1 . 29 . 29 - . 07 
- . 05 -0 . 43 0. 86 17. 8 17. 5  30 . 5  30. 4 
24. 6 25. 4 
1930 0. 21 l. 3 . 11 . 09 -. 05 -. 03 
-1. 14 -1. 30 13. 0 13. 7  29. 0 28. 7  22 . 7 24. 8 
LO 
Table 5. Mean hourly data used in calculat ion of ET estimates . Data  presented for irrigated and 
nonirrigated sorghum , August 14, 1972 , Redfield , S. D. 
Incoming Soil heat Vapor pressure Air temp at 
Mean shortwave Wind Net radiation flux Bowen ratio deficit 180 cm elev Canopy temp 
time radiation speed Irri Nonir Irri Nonir Irri Nonir Irri Nonir Irri Nonir Irri Nonir 
( CDT) (ly/min) (m/sec ) ( ly/min) (ly/min ) (mb ) ( Deg C) ( Deg C) 
0930 0. 60 1. 8 . 39 . 35 -. 02 -. 02 . 05 -. 16  8. 8 8 . 7 29. 4 28. 3 24. 0 24. 6 
1030 0. 81 2. 5 . 58 . 54 -. 06 -. 03 . 19 -. 05 13. 0 12. 9 32. 2 31. l 27. 1 27. 9 
1130 0. 98 2. 5 . 75 . 72 -. 13 -. 04 . 16 -. 06 17. 2 17 . 3  33. 5 32. 8 29. 4 30. 2 
1230 1. 09 3. 4 . 85 . 85 -. 21 -. 05 -. 07 - . 02 20. 3 20. 9 33 . 9  33. 2 29. 8 30. 8 
1330 1. 15 4. 0 . 90 . 91 -. 13 -. 05 . o  . 0  21. 8 21. 9 33. 4 33. 1 29. 8 31. 3 
1430 1. 13 4. 7 . 88 . 91 -. 08 -. 05 -. 09 -. 06 23. 2 23. 0 33. 6 33. 2 29. 6 31. 1 
1530 1. 03 4. 9 . 80 . 84 -. 08 -. 05 -. 13 -. 04 23. 9 23. 5 33. 7 33. 3 29. 8 31. l 
1630 0. 88 4.7 . 68 . 70 -. 07 -. 05 -. 19 -. 04 23. 1 23. 2 33. 6 33 . 3  29. 8 31. l 
1730 0. 67 4. 7 . 50 . 52 -. 06 -. 05 -. 13 -. 14 22. 3 23. 1 33. 3 33. 1 29. 4 30. 4 
1830 0. 43 4. 7 . 30 . 30 -. 04 -. 04 -. 20 -. 04 20. 8 22. 8 32. 9 32. 6 29. 0 29. 6 
1930 0. 19 3. 1 . 10 . 09 -. 03 -. 03 -. 41 -. 15 16. 5 17. 6 32. 0 31. 7 27. 5 28. 1 
--.J 
0 
Table 6. Mean hourly data used in calculation of ET estimates. Data presented for irrigated and 
nonirrigated sorghum, August 15, 1972 , Redfield, S. D. 
Incoming Soil heat Vapor pressure Air temp at 
Mean shortwave Wind Net radiation flux Bowen ratio deficit 180 cm elev Canopy temp 
time radiation speed Irri Nonir Irri Nonir Irri Honir Irri Nonir Irri Nonir Irri Nonir 
( CDT) ( ly/min) (m/sec) (ly/min) (ly/min) (mb ) (Deg C) (Deg C) 
0830 0. 37 4. 0 . 19 . 21 . o  • 0 • 0 -. 05 7. 5 7 .  f, 27. 3 26. 8 24. 3 25. 2 
0930 0. 61 4. 5 . 43 . 41 - . 01 ,-. 01 . 0 . o  9. 6 9 . 6 29. 4 28. 8 26. 1 26. 5 
1030 0. 77 4. 5 . 58 . 56 -. 04 -. 02 . 0 . o  11. 8 11. 7 30. 9 30 . 3  28. 1 28. 3 
1130 0. 94 4. 5 . 73 . 73 -. 07 -. 03 - , 09 -. 06 13. 9 13 . 9  32. 3 31. 6 28 . 8  29. 6 
1230 1. 05 4 . 7 . 84 . 85 -. 11 -. 04 . 14 . 10 16. 2 16.3 32. 7 32. 4 29. 8 30. 6 
1330 1. 10 5. 4 . 88 . 90 -. 10 -. 05 . o  . 08 18. 4 18. 8 3 3 . Lt 33. 0 29 . 8  30. 8 
1430 1. 08 5. 8 . 85 . 90 -. 09 -. 05 . 0  . 07 20. 7 21. 2 34. 2 3L� . 1  30 . 6  31. 5 
1530 0. 99 5. 1 . 78 . 82 -. 09 -. 05 -. 11 . 03 22. 3 22. 8 34. 7 34. 4 30. 6 31. 7 
1630 0. 83 5 . 1  . 65 . 67 -. 09 -. 05 - . 11 -. 11 23. 4 23. 7 34-. 7 34. 6 30. 6 31. 3 
1730 0. 63 5. 1 . 49 . 4-9 -. 07 -. 05 -. 29 -. 16 24. 4 24- . 5  34. 6 34. 5 30. 0 30. 8 
1830 0. 40 4. 5 . 28 . 27 -. 06 -. 04 -. 32 -. 25 24-. 7 23. 6 33. 9 33. 8 29. 4 30. 2 
1930 0. 17 3. 1 . 09 . 06 -. 04- -. 03 - . 49 -. 19 19 . 8  19. 7 32. 7 32. 7 28. 1 28. 8 
Table 7 .  Mean hourly data used in calculation of ET estimates . Data presented for 5.rrigated and 
nonirrigated sorghum, August 18, 1972, Redfie ld, S. D .  
Incoming Soil heat Vapor pressure Air temp at 
Mean shortwave Wind Net radiation flux Bowen ratio deficit 180 cm elev Canopy temp 
time radiation speed Irri Nonir Irri Nonir Irri Nonh"" �T Nonir Irri Nonir Irri Nonir 
(CDT) (ly/min) (m/sec) (ly/min) (ly/min) (mb ) (Deg C) (Deg C) 
__ . , 
0830 0 . 24 2 . 1  . 10 . 10 . 02 .0 . 0  . 21 5 . 4  E, .  0 23 . 8 23 . 3  2 3 .4 24 . 3  
0930 0 .58 2 . 1  . 40 .39 - .01 - . 01 . 11 . 65 8 . 1  8 . 4  26 . 6  2 6 . 2  27 . 5  28 . 2 
10 30 0. 69 1 . 1  . 51 . 49 - . 04 - . 02 . 36 . 21 10 . 7  11. 0 28 . 2  27 . 6  2 8 . 3  29 . 0  
1130 0 . 9 0 1 . 1 . 6 9  . 64 -.07 - .03  . 32 . 30 13 . 4  13 . 6  30 . 0  29 . 1  3 0 . 3  31. 7 
1230 1 .07 1 .3 . 83 . 80 - . 11 - .04 . 0  . 26 15 . 6  15 . 2  31 . 8 30 . 8  31 . 7 32 . 5  
1330 1 . 10 1 . 6  . 8 5 . 84 - . 12 - .04 . 0  • 0 17 . 8  15 . 9  31 . 9 31. 3 31 . 7 32 . 9  
1430 1 .07 1 . 6 . 8 3 . 83 -· . 11 - .04 - .04 . 09 19 . 9  16 . 7  32. l 31 . 8 3 2.4 33. 2 
1530 0 . 97 1 .6 . 76 . 75 - . 11 - .05 . 07 -.08  2 0. 7  18 . 2  32 . 4  32 . 2  32 . 4  33 . 4  
1630  0 . 82 1 . 1  . 6 3  . 61 - . 10 - . 04 . 03 . o  21 . 4  19 . 8  3 3 . 3  3 3 .0 32. 5 33 . 8  
1730 0 . 62 0 . 9  . 47 . 43 - .09 - . 04 - . 16 . 16 2 2 . 1  21 .4 33 . 7  33 . 2  31. 7 32 . 7  
18 30 0 .40 0 . 9  . 28 . 26 - .06 - .03  - . 17 - . 21 19 . 8  20 . 8  3 3 .0  32 . 8  31. 0 31. 7 
1930 0 . 16 0 . 9  .08 . 05 - .04 - .03 - . 28 -· . 2 6  14 . 7  15 . 8  31 . 0 30 . 7  28. 7 29 . 9  
Table 8. Mean hourly data used in calculation of ET estimates. Data presented for irrigated and 
nonirrigated sorghum, August 24 , 1972, Redfield, S. D. 
Incoming Soil heat Vapor pressure Air temp at 
Mean shortwavE. Wind Net radiation flux Bowen ratio deficit 180 cm elev Canopy temp 
time radiation speed Irri Nonir Irri Nonir Irri Nonir Irri Nonir Irri Nonir Irri Nonir 
( CDT ) ( ly/min) (m/sec) (ly/min) (lyimin) (mb ) (Deg C) (Deg C) 
0930 0. 58 0. 7 . 33 . 35 . 0 . 0 -0. 21 1. 04 4. 8 5. 5 21. 6 20. 2 25. 6 26. 5 
1030 0. 79 1. 6 . 50 . 57 -. 04 -. 01 -0. 04 0. 43 7. 7 8. 6 23. 9 22. 6 27. 1 28. 6 
1130 0 . 99 2. 5 .68 . 77 -. 08 -. 02 0. 12 0. 33 10. 8 11. 8 25. 7 24. 4 27. 7  29. 6 
1230 1. 10 2. 5 . 79 . 89 -. 13 -. 03 0. 16 0. 18 13. 9 15. 0 25. 9 25. 0 27. 9 30. 4 
1330 1. 15 1. 8 . 81 . 91 -. 11 -. 03 0. 12 J. 2 5  16. 1 16. 9 26. 1  25. l 27. 7 29 . 6  
1430 1. 12 1. 8 . 79 . 89 -. 09 -. 04 0. 20 0. 3!.j. 17. 2 17. 4 26. l 25. 5 27. 9 29. 6 
1530 1. 02 1. 8 • 7 3  . 80 -. 11 -. 04 0. 10 0. 25 17. 5 17. 8 26. 6  26. 2  27. 5 28. 8  
1630 0. 86 2 . 0  . 59 . 6 5 -. 07 -. 04 0. 13 0 . 20 17. 3 17. 7 27. 1 26. 6 27. 1 27. 9 
.1730 0. 5 5  2. 0 . 38 . 40 -. 05 -. 03 -0. 18 0. 09 16. 9 17. 6 26 . 6  26. 2  26. 7 27. 5 
1830  0. 40 2. 7 . 24 . 23 -. 02 - . 02 -0. 98 0. 0 15. 7 16. 4 25. 6  25. 2  24. 6 25. 9 
1930 0. 15 2. 0 . 06 . 04 . 01 -. 02 -1. 9 5  -0 . 98 13. 8 14. 1 23. 7 23. 7 23 . 4  24. 2 
--.J 
(, )  
Table 9. Mean hourly data used in calculation of ET estimates. Data presented for irrigated and 
nonirrigated sorghum , August 25, 1972, Redfield, S .  D. 
Incoming Soil heat Vapor· pressure Air temp at 
Mean shortwave Wind Net radiation flux Bowen ratio deficit 180 cm elev Canopy temp 
t ime radiation speed Irri Nonir Irri Nonir Irri Nonir Il"'ri Nonir Irri Nonir Irri Nonir 
( CDT) ( ly/min) ( m/sec) ( ly/min) (ly/min) ( mb ) ( Deg C) ( De g  C) 
0830 0. 20 0. 5 . 07 . 06 . 08 . 02 -3. 25 . 49 1. 3 0. 5 14. 7  14. 1  19. 4 20. 2 
0930 0. 60 2. 2 . 38 . 38 . 02 . 01 -2. 28 . 33 3. 7 3. 4 20. 3 19. 2 24. 2 24. 8 
1030 0. 81 2. 5 . 53 . 58 -. 03 -. 01 -0. 18 . 65 7. 8 7. 6 24. 1 22. 9 26. 1 26. 1 
1130 0. 94 2. 7 . 65 . 73 -. 07 -. 02 0. 07 . 29 12. 1 11. 9 25. 4 24. 3 25. 2 26. 9 
1230 1. 15 2. 9 . 85 . 95 -. 13  -. 03 0. 07 . 19 14. :, 14. 9 26. 7  26. 2 26. 7 28. 6 
1330 1. 16 2 . 9  . 83 . 95 -. 12 -. 03 0. 0 . 18 16.3' 17. 5 27. 5 26. 9 26. 3  27. 9 
1!+30 1. 12 2. 5 . 80 . 92 -. 11 -. 05 -0. 04 . 08 17. 0  18. 0 27. 9 27. 5 27. 1  28. 6 
1530 0. 87 2. 7 . 70 . 80 -. 13 -. 05 0. 0 . 19 17. 5  18. 1 27. 8 27. 3  26. 3 28. 1 
1630 0. 86 2. 9 . 62 . 67 -. 09 -. 04 -0. 03 . 20 17. 8 18. 2 28. 0 27. 5 26. 3 27. 9  
1730 0. 63 3. 4 . 45 . 45 -. 05 -. 03 -0. 04 . 0  17. 0 17. 4 26. 2 26. 0 25. 2 26. 1 
1830 0. 40 3 . 3  . 25 .23 -. 02 - . 02 -0. 05 . 11 14 . 4  14. 9 24. 2 24. 1 23. 4 24. 4 
1930 0. 20 2. 7 . 11 . 09 . 01 -. 02 -0. 14 . o  11. 9 12. 6  23. 0 22. 8 22. 3 23. 6 
, .J  
Table 10. Mean hourly data used in calculation of ET estimates. Data presented for irrigated and 
nonirrigated sorghum , August 28 , 1972 , Redfield . S. D. 
Incoming Soil heat Vapor pressure Air temp at 
Mean shortwave Wind Net radiation flux Bowen ratio deficit 180 cm elev Canopy temp 
time radiation speed Irri Nonir Irri Nonir Irri �onir Irri Nonir Irri Nonir Irri Nonir 
( CDT) ( ly/min) (m/sec) (ly/min) ( ly/min) ( mb ) ( Deg C) ( Deg C) 
0930 0. 54 0. 4 . 32 . 2 6 - . 02 . 0  -. 35 . 10 10. 5 10. 6 25 . 5  24. 2 25. 2 25. 6 
1030 0. 76 0. 5 . 51 . 46 -. 07 . 02 -. 09 . 03 15. 3 16. 5 30. 5 29. 1 28. 3 29. 2 
1130 0. 92 0. 5 .64  . 6 3 -. 12 -. 03 -. 02  -. 09 20. 1 20. 4 3 3. l  3 1. 6 30. 2 30. 8 
1230 1. 04 0. 7 • 71 . 77 -. 17 -. 04 . 0  . 05 24. 9 24. 3 33 . 7 32. 6 30. 2 31. 7 
1330 1. 08 0. 9 . 78 . 85 - . 16 -. 04 . 0  . 04 26 . 3  26. 9  3 3. 7 3 3. 1 30. 8 31. 3 
1430 1. 05 1. 1 . 77 . 82 -. 16 - .05 -. 01 . 06 27. 5 29. 5 3 3. 6 3 3. 2 31. l 3 2. 3 
15 30 0. 96 0. 9 . 71 . 72 -. 17 - . 06 - � 03 - . 03 28. 8 31. 9 3 3. 8 3 3. 6  30. 4 32. 5 
16 30 0. 79 0. 7 . 57 . 56 -. 13 -. 05 - . 03 -. 08 28. 2 29. 9 3 3. 9  3 3. 7 30. 2 31. 3 
17 30 0. 59 0. 9 . 41 . 36 - . 10 -. 05 - . 06 -. 24 27. 5  27. 1 3 3. 1 3 3. 1 29. 0 30. 2 
1830 0. 34 1. 1 . 20 . 16 -. 07 - . 03 -. 10 -. 19 25. 7 23. 5 31. 7  31. 4 27. 7  28. 6 
1930 0. 11 0. 9 . 01 -. 02 -. 03 ·-. 02 -. 25 - . 25 17 . 8  17. 0  28. 8 28 . 6  23. 8 25. 6 
-....J 
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Table 11. Mean hourly data used i n  calculation of ET estimates. Data presented for irrigated and 
nonirrigated sorghum , August 29 , 1972 , Redfield , S. D. 
Incoming Soil heat Vapor pressure Air temp at 
Mean shortwave Wind Net 1�adiat ion flux Bowen ratio deficit 180 cm elev Canopy temp 
time radiation speed Irri Nonir Irri :Nonir Irri Nonir Irri Nonir Irri  Nonir Ir:oi Nonir 
( CDT ) (ly/min )  ( m/sec) ( ly/min ) ( ly/mi n )  (mb ) ( Deg C )  ( Deg C )  
0830 0. 31 l. 3 . 11 . 08 . 03 . 0  - . 41 . 0  5. 1 4. 2 21. 6 20. 9 23. 6 24. 2 
0930 0. 55 2. 0 . 35 . 30 -. 01 . 0 -. 30 . 13 9. 4 8. 9 25. 6 24. 5 26. 5 26. 5 
1030 0. 75 1. 8 . 53 . 51 -. 05 -. 01 . 03 . 04 14. l 13. 6 29 . 1  28. l 28. 8 28 . G 
1130 o .  92 2. 2 . 68 . 68 -. 10 -. 03 . 03 . 05 18. 7 18. 3 31. 5 30. 5 30. 8 30. 8 
1230 1. 04 2. 2 . 79 . 80 -. 15 -. 04 . 05 . 02 23. 6 2 2. 8 32 . 9  32. 3 31. 3 3 2. l 
1330 1. 09 2. 7 . 83 . 86 -. 14 -. 05 . 05 . 03 25. 2 24. 9 33. 2 3 2 . 9  31. l 32. 1  
1430 1. 06 2. 7 . 82 . 84 -. 13 -. 05 . 02 . 0 26. 8 26. 9 33. 1 3 3. 0 31. 3 32. 7 
1530 0. 89 2. 9 . 71 . 71 -. 13 -. 05 . 03 . 0 27. 7  27. 6 33. 0 3 3. 0  30. 8 32. 3 
1630 0. 78 2. 7 . 6C . 57 -. 08 -. 04 . 0  -. 11 28. 2 28. 0 3 3. 0 32. 9 30-. 0 31. 3 
1730 0. 60  3. 6 . 43 . 42 - . 06 -. 04 -. 03 -. 16 28. 9 28. 5 32. 8  32. 7  29.4 30. 2  
1830 0. 32 3. 6 . 18 . 15 -. 03 -. 03 -. 18 -. 24 24. 2 24. 0 31. 7 31. 5 28. l 29. 2 
1930 0. 10 2. 2 -. 02 -. 04 -. 01 -. 02 -. 29 - . 49 18. 7 19. 4 29. 2 29. 3 25. 9 26. l 
-..J 
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Table 12 . Mean hourly data used in calculation of ET estimates. Data presented for irrigated and 
nonirrigated sorghum , August 30, 1972 , Redfield , S. D. 
Incoming Soil heat Vapor pressure Air temp at 
Mean shortwave Wind Net radiation flux Bowen rat io deficit 180 cm elev Canopy temp 
time radiation speed Irri Nonir Irri Nonir Irri Nonir Irri Nonir Irri Nonir Irri Nonir 
( CDT) ( ly/min) (m/sec) (ly/min) (ly/min) ( mb ) (Deg C) (Deg C) 
0830 0. 0 8  4- .  2 . 01 . 01 . 0 . o  - .32 . 0  2 . 0 3. 0 23 . 7  23 . 6  25 . 2  25 . 4-
0930 0 . 19 3. 4 . 09 . 09 -. 01 -. 01 -. 13 . o  6 . 2  6. 8 24. 2 24 . 1  25. 2 25 . 2  
1030 0 .65 4. 5 • 4-7 . 45 - . 03 -. 01  -. 08 . 21 10. 4 10 . 8  27 . 1  26 . 4- 27 . 5  27 . 9  
1130 0 . 87 4 . 7  .65 . 69  - . 07 - . 02 - . 18 . 13 14 . 6  14. 6 29 . 7  29 . 1  29 . 2  30 . 0  
1230 1 . 02 4 . 9  . 79 . 82 -. 10 - . 03 - . 09 . 0 8 17.3 16 . 6  31 . l  30. 6 30 . 2  30. 8 
1330 1 . 05 5 . 4  . 81 . 81 -. 10 ·- . 03 - . 04 . 48 18 . 5  17. 7  31. 2 30. 8 30. 8 31.3  
1430 0 . 84 4- .  5 . 68 . 73 - . 11 -- . 04 . 0  . 21 19. 8 18.7 31. 5 31. 3 31. 1 31 . 3 
1530 0. 89  4 . 7  . 71 . 73 -. 13 - . 04 . 0 1+ . o  19. 6  18. L� 31. 9 31. 9 30 . 8  32 . 3  
1630  0 .  7 ]  4 . 9  . 5(1 . 5 5 - . 10 -. 04 - . 16 - . 16 18. 5 17 . 9  32. 3 32 . 0  30. 2 31. 7 
1730 0. 53 5 . 4 .39 . 38 -. 07 -. 04 - . 28 - . 16 17 . 5  17 . 3  31. 3 31. 0 30. 0 30 . 6  
1830 0. 15 4 . 9  . 05 . 04 -. 05 -. 0 3  - .32 - . 16 15. 6 15 . 4  29.6 29 . 5  28 . 1  28 . 8  
1930 0 . 08 4. 5 . 0  -. 02 -. 02 - . 02 - . 19 ·- . 32 13 . 1  13.3 28 .3  28.3  27. 7 27 . 7  
7 8  
of nonirrigated data for use in ET estimation. Incoming shortwave 
radiation and net radiation were measured at an elevation of 2. 5 m 
above the soil surface. Soil heat flux measureffients were made at a 
depth of 5 cm. Wind speed , vapor pressure deficit , and air tempera­
ture were measured at an elevation of 180 cm (1 m above the crop 
surface) . Bowen ratios were estimated using temperature and humidity 
data obtained at the 80 and 180 cm elevations. 
Mean hourly data for the irrigated sorghum canopy a·re presented 
in Fig. 21 , 22, and 23 for three 24-hour periods. The data are 
presented graphically to illustrate typical diurnal cycles. Data 
are show:l for all hours when measurements were taken. Figures 21 and 
23 show the values of incoming shortwave radiation intercepted in the 
sorghum canopy by a line pyranometer. The radiation instrument was 
positioned at an elevation of 10 cm in the interrow area of the 
s orghum canopy. The insn ....ument was al ter'nated daily between the 
irrigated and nonirrigated sorghum canopies. Results from five days 
of data for each area indicated that incoming shortwave radiation at 
the 10 cm elevation was J. 8% of total incoming shortwave at 2. 5 m in 
the irrigated aiea , and approximately 2 3% o:7 total incoming shortwave 
in the nonirrigated area. The leaf area index of the nonirrigated 
area (2. 8) was less than that of the irr•igated area (3. 2) allowing 
more radiation to reach the 10 cm elevation. 
Hourly estimates of evapotranspiration rates were made using 
the methods of van Bavel ( 1966) energy budget-Bowen ratio ,  Penman 
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Fig. 21. Mean hourly microclimate data for 
the irrigated sorghum canopy from 
0800 hours CDT August 15  to 0 8 00 
hours CDT August 16 , 1972 . 
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Fig . 22. M an hourly microclimate data for the 
irrigated sorghum canopy from 08 00  
hours CDT August 18 to 0800  hours CDT 
August 19, 1972. 
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Fig. 23.  Mean hourly microcli.mate data for the 
irrigated sorghum canopy from 0800 
hours CDT August 29 to 0800 hours CDT 
August 30, 1972. 
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All input data necessary for use of the five predictive methods are 
listec. in Tables 4 through 12. The ET estimates were made on nine 
dates in both the irrigated and nonirrigated areas. That yielded 
essentially 18 different daily sets of soil, plant, and atmospheric 
conditions. Hourly input data in irrigated sorghum were plotted in 
Fig. 21, 22, and 23 ; containing daylight data for August 15, 18, and 
29, respectively. The hourly estimates of ET rates for August 15, 
18 , and 29 in the irrigated sorghum are presented in Fig. 24 , 25, and 
26, respectively. 
The data in Fig. 24 for August 15, show .the estimates by the 
van Bavel and Brown methods to be much larger than estimates bJ 
energy budget-Bowen ratio, Penman, and Bartholic. Estimates by the 
van Bavel method reached a maximum of approximately 95 ly/hr at 
1400-1 500 CDT. The evaporation equivalent of 58 ly is approximately 
1 mm of water . Estimates by the Brown method reached a maximum of 
approximately 80 ly/hr. Estimates by the Penman and energy budget­
Bowen ratio yielded almost identical curves, reaching a maximum of 
approximately 45 ly/hr. Evapotranspiration estimates by the 
Bartholic metuod we1"'e least in magnitude, reaching a maximum of 
approximately 40 ly/hr. 
Evapotranspiration estimates for August 18 (Fig. 25 ) were 
similar for all equations used. The van Bavel estimates were 
slightly higher (by 5 ly/hr) in the afternoon, but agreed well at 
other times. The maximum difference between ET estimates was 
approxi�ately 15  ly/hr. 
1 20 
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Fig. 24. Hourly estimates of evapotranspiration rates for 
the irrigated sorghum on August 15, 1972, using 
the methods of van Bavel, energy budget-Bowen 
ratio, Penman, Bartholic, and Brown. 
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Fig. 25. Hourly estimates of evapotranspiration rates for 
the irrigated sorghum on August 18 , 1972 , using 
the methods of van Bavel, energy budget-Bowen 
ratio , Penman , Bartholic , and Brown. 
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Fig. 26. Hourly estimates of evapotranspiration rates for 
the irrigated sorghum en August 2 9, 1972 , using 
the methods of van Bavel, energy budget-Bowen 
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The range of ET estimates by the methods of van Bavel and Brown 
shown in Fig. 26 was intermediate between those of Fig. 24 and 25 . 
Estimates by the methods of energy budget-Bowen ratio, Penman, and 
Bartholic were similar in magnitude for the three dates. It would 
appear that some term in the van Bavel and Brown equations caused 
day to day fluctuations, and was either damped or not present in the 
energy budget, Penman , and Bartholic equations. Inspection of 
equation ( 25 )  indicates that for the field cor.ditions of this study, 
there we.r·e three principal variants in the van Bavel equation. ThE:J 
were the energy input term (Rn + S ,  or net radiatioD plus soil heat 
flux ),  wind speed (u180), and vapor pressure deficit (e5 180 - ea180). 
The term D/G (slope of the saturated vapor pre ssure curve over the 
psychrometric constant) also varied, b�t was not considered a factor 
causing the large variations. The Brown equation 1 27) c:1.lso contained 
three principal variants . They were the energy input term (Rn + S) , 
wind speed (u180),  and temperature difference between 8anopy and ctir 
(Tcan - Tl80 ). 
Simple linear regression and correlation analysis was conducted 
between the results of the van Bavel and Brown es timates and the 
input terms of each equation. The cumulative ET estimate for each 
day (cm/day ) was compared against the mean value of the input 
variables for that day. With nine days of data and two water regimes, 
there were 18  observations for each analysis . 
The results of the statistical analysis for the van Bavel 
estimates of ET are presented in Fig. 27. Only 4% of the t-otal 
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Fig. 27. Comparison of ET by van Bavel estimates 
in cm/day to the daily mean of the hourly 
input data used in the van Bavel equaTion ; 
where Rn + S is net radiation 9lus soil 
heat flux at the 5 cm depth and the vapor 
pressure deficit and wind speed were 
measured at the 180 cm elevation. 
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variation is explained by variations in mean Rn +  S, and less than 
1% is explained by variations in mean vapor pressure defi<"'.i t .  
Approximately 91% of the total variation in van Bavel estimates is 
explained by variations in mean wind speed. Skidmore et al. (1969 ) , 
using two study dates, found the wind dominant term contributed 33 
(day 1 )  and 113% (day 2 )  as much as the radiation dominant term to 
the total calculated potential evapotranspiration. On those two 
days , the ratio of potential evapotranspiration to net radiation was 
0 . 9 8 ( day 1 )  and 1 . 60 ( day 2 ) . Rosenberg ( 19 6 9 ) also found van 
Bavel ' s method to be strongly dependent on wind .. conditions. He also 
found the Penman estj mates to be independent of wind conditions. 
the original paper (van Bavel , 1966 ),  13 days of verification data 
were listed . Of those 13 days, only three (23% ) had wind speeds of 
2 . 0  m/sec or greater. Of the nine days presented in this thesis, 
five (56% ) had wind speeds of 2. 0 m/sec or greater . The data clearly 
indicate that potential evapotranspiration estimates obtained using 
van Bavel ' s  method fluctuated sharply due to wind conditions , while 
results using the methods of energy budget-Bowen ratio , Penman, and 
Bartholic did 1ot .  The Penman ancl Bartholic methods also estimate 
potential evapotranspiration, while the energy budget-Bowen ratio 
method estimates actual evapotranspiration. Considering the wind 
nature of the Great Plains, caution should be used if potential ET 
estimates obtained using van Bavel ' s method are related to actual ET. 
Figure 28 presents the results of the simple linear regression 
and correlation analysis applied to estimates of ET obtained using 
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Fig. 28. Comparison of ET by Brown estimates in cm/ 
day t o  the daily mean of the hourly input 
data used in the Brown equation ; where Rn 
+ S is net radiation plus soil heat flux at 
the 5 cm depth and air temperature and wind 
speed were measured at the 180 cm elevation. 
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the Brown method. Result3 indicate that 14. 6% of the total variation 
in ET estimates obtained using the Brown method were due to variations 
in the daily mean of Rn + S. Variations in mean wind speed explained 
28. 6% of the variation in ET estimates by Brown. The best correlation 
was found between ET by Brown and the mean values of canopy tempera­
ture minus air temperature ( R2 = 0.542 and a correlation coefficient 
of -0. 736). The variation in results friom the Brown equation d:::> not 
appear to be tied as strongly to one factor , as the variation in 
results fr-om the van Bavel equation evidently are. 
The results found f�om the statistical analyses reported in Fig . 
27 and 28 should not be considered to necessarily hold true in other 
studies. These analyses merely report pr1obable explanations for the 
variability found in ET estimates in this study. In other areas , or 
at another time , the variability in ET estimates found using the van 
Bavel and Brown equations could be principally due to other input 
factors fluctuating during that particular study. 
Evapotranspiration rates estimated daily using tensiometer data 
were compared with the daily total ET rates estimated using the well­
known methods of van Bavel, energy budget-Bowen ratio, and Penman. 
Evapotr0nspiration by tcnsiometer results are plotted versus results 
from each of the three equations in Fig. 29. The ET by van Bavel 
estimates are much larger than ET by tensiometer estimates. The van 
Bavel method estimates potential evapotranspiration and the tensio­
meter method estimates actual ET, so the van Bavel estimates would 
have been expected to be larger. The van Bavel method has been 
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Fig. 29. Comparison of ET estimated using tensiometer data to ET estimated 
using the methods of van Bavel, energy budget-Bowen ratio, and 
Penman. Daily estimates using the three microclimate equations 




shown to be h ighly affected by wind speed, w ith wi nd speed probably 
caus ing mo st of the variations shown in Fig. 29. 
Re sult s  from the energy budget-Bowe n ratio and Pe nman method s 
were very similar . Their ET e stimates were always greater than ET 
e stimates obtained us ing tensiometers. Both t h e  Penman and van 
Bavel method s estimate potential ET, and under the cond itions of thi s  
study, actual tensiometer ET would not have De en expect ed to e qual 
pote ntial ET. Howe ver , that does not explain why energy budget -
Bowen ratio est imate s were larger than tensiometer e stim&tcs. T +  .J.. I.  
is d ifficult to say which me t hod (tensiometer or energy budget -Bowen 
ratio ) i s in error, or poss ibly both. The ene rgy budget -Bowe n ratio 
method requires accurate measurement of temperature and vapor 
pressure gradients over short vertical intervals. The differe nce s 
over the short intervals �re usually quite small ,  requiring 
considerable accuracy. In the derivat ion and us e  of t he e nergy 
budget-Bowen rat io method, the energy used in phot o synthes i s and 
the ene rgy stored in the crop volume are considered negligible and 
ne glected.  However , Lemon (1960) stated that approximately 8% 
of net rad iation for the total daylight period was bei�g used in 
photosy nthesi s  b y  corn. The energy budget-Bowen ratio method would 
then be overe stimat ing actual ET by the neglected amou nt divided by 
( 1  + B) . Literature reports on compar i s on of ET by e nergy budge t -
Bowen ratio to ET by lysimeter varies. Ro senberg ( 1969) found 
lys imeter estimates of ET to be greater than energy budget-Bowe n 
ratio �s timates of ET . Pruitt and Lourence (1968 ) found daily ET 
9 3  
estimated using the enerrzy budget-Bowen ratio method to b e  from 1 to 
20% larger than ET measured using a lysimeter. The use of tensio­
meter·s appears to be sound physically with two main possible sources 
of error. They are the soil water desorption curves and the hydraulic 
conductivity relationships. The desorption curve results have been 
compared in the field to results obtained using neutron scattering, 
with good agreement found (Stone et al. , 1973a) . With the desorption 
curves being correct, the estimates of profile water depletion should 
have been accurate. The flux measurements, which use the Lydraulic 
conducti�rity relationships, appear to have been correct. During the 
study , flux was upward in the nonirrigated area and downward i11 the 
irrigated area. An error in the hydraulic conductivity relationships 
would have produced errors in the flux values. With the flux being 
added to depletion in one case (nonirrigated) and subtracted in the 
other (irrigated), the good agreement between ET estimates shown in 
Fig. 12 would have been difficult to obtain if an error had existed. 
Data similar to that presented in Fig . 29 are presented in Fig. 
30. In Fig. 30, ET estimates found using tensiometer data are 
compared to daily estimates of ET found using the Brown and Bartholic 
methods. The Brown and Bartholic methods make use of the canopy 
temperature in estimating ET. The Brown estimates are greater and 
fluctuate much more than do the Bartholi c  estimates. Analysis of 
the daily fluctuations in ET estimated using the Brown method was 
presented in  Fig. 28. The Bartholic estimates showed better 
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agre ement with tensiometer estimates than did any of the other four 
microclimate methods. 
A maj or obj ective of this thesis was to evaluate the two methods 
that use surface temperature s (Brown and Bartholic) against the more 
established methods (van Bavel, Penman, and energy budge-c -Bowen 
ratio). This evaluation does not include estimates made using 
tensiometer data . Good agreement between the surface temperature 
and standard microcli�ate methods would indicate that use could be 
made of -che less demanding surface temperature methods . The main 
advantage of the surface temperature m�thods is that they do not 
require field measured humidity. The methods of van Bavel, Penman, 
and energy budg2t -Bowen ratio do require fie ld measured humidity. 
Humidity is the most difficult to me asure, and the most unre liable , 
of the commonly used �nput variables . 
A comparison made between the daily totals of ET obtained by 
the Bartholic method and the daily totals of ET obtained by the 
methods of van Bavel, energy budget-Bowen ratio, and Penman is 
presented in Fig .  31 . Again , the estimates of ET by van Bavel show 
a highly diverse nat ur·e. The estimates of E1 by the energy budget ­
Bowen ratio and Penman methods are consistently higher than ET 
estimate d using the Bartholic method. The mean daily estimate of 
ET by Penman was 0 . 57 cm/day , of ET by ener gy budget-Bowen ratio was 
0 . 56 cm/day, and of ET by Bartholic was 0 . 46 cm/day . 
A comparison similar to that presented in Fig. 31 is presented 
















S O R G H U M  A U G U S T  1 9 7 2  
• IRR I G AT E D  
c N 0 N I R R I G AT E 0  
� 'T ► i .2 ' :i s 
� � 
.... 
0.8 ...J 0.8 
UJ 
• g o.a L 
0 








<( >- � (!) 
ex: z w w 
� 0.4 0... 0.4 
>->- a) CI) 
.... .... 
UJ w 
I I I I J 00 0.8 -o 0.4 0.8 0.4 
E VA P O T R A N S P I R AT I O N  BY B A R T H O LI C 
�A� 
• fJ , 
• 
0.4 
(C M / D AY )  
Fig. 31. Comparison of ET est imated using the Bartholic method to ET 
estimat ed using the methods of van Bavel ,  energy budget -Bowen 






� 4 0 2 . ' 
:E 
0 
- 2 .0 
1 . 6 
..J 
w 
4 1 . 2 
CD 
z 
4 0 .8 > 
► 
CD 0 .4 
.... 
w 
S O R G H U M  A U G U ST 1 9 72 
.... 
/ W  






� o.0 r.-z w 
� o.4l 
.... 
1 I ,  1 I I I 1 1 lw 
0.4 0.8 1 . 2 1 .6 
• I R R I G AT E  0 




0.4 0.8 1 .2 
E VA P O T R A N S P I R AT I O N  B Y  B R O W N  
z 
� 0. 8  
► 
a) 0 .4 
1 .6 0.4 0.8 
(C M / D AY )  
1 . 2 1 .6 
Fig. 32. Comparison of ET estimated using the Brown method to ET estimated 
using the methods of van Bavel, energy budget-Bowen ratio, and 
Penman. Data present2d are the daily totals of the hourly estimates. <.D 
.....J 
9 8  
Brown method are presented versus ET estimates made using the van 
Bavel, Penman � and energy budget-Bowen ratio mGthods. ThP. van Bavel 
ET estimates are much larger than the Brown ET estimates and show a 
diverse nature, but they are not as extreme as they were in the 
comparison with the Bartholic ET estimates . The ET estimates by 
the Brown method agreed very well with ET estimates by the energy 
budget-Bowen ratio and Penman methods. Figure 32 indicates there 
were four data points when the Brown ET estimates were much higher 
than the ET estimates by the ene11gy budget-Bowen ratio and Penman 
methods. The four points were for August 14 and 1 5, in both the 
irrigated and nonirrigated areas. Data from Tables 5 and 6 shuw 
mean daily wind speed to have been 3 . 7  m/sec on August 14 and 4. 7 
m/sec on August 1 5 . Mean daily air temperature minus canopy tempera­
ture was 4 . 2 and 2. 6 C for the irrigated and nonirrigated sorghum, 
respectively, on August 14. On August 1 5 , mean daily air temperature 
minus canopy temperature was 3. 7 and 2. 7 C for the irrigated and 
nonirrigated sorghum, respectively. The combination of high wind 
speed and large air-canopy temperature difference was more evident 
on those two days than on any other of the study days. Figure 28, and 
its associated discussion, indicated ET by Brown estimates to be 
dependent upon fluctuations in wind speed and air-canopy temperature 
differences . If results from August 14 and 1 5  are included, the 
mean daily ET estimate by Brown was 0. 70 cm/day. If those two dates 
are not included, the mean daily ET estimate was 0. 58 cm/day . This 
is very similar to the Penman mean (0. 57 cm/day) and to the energy 
budget- Bowen ratio mean (0. 56 cm/day) . 
9') 
Evapotranspiration rates were estimated using approximately 100 
hours of data col1ected from each of the sorghum areas. Simple 
linear regression and correlation analyses were performed using the 
100 hours of data from each area. The statistical results from the 
irrigated and nonlrrigated areas were very similar, so the estimates 
from each area were pooled yielding approximately 200 observations 
for use in the reported statistical analys e s. The results from t�e 
analyses are presented in Table 13. Evapotranspiration values 
listed in Table 13 are in units of ly/hr. 
Regression equdtions are listed with the ET estimates by 
Bartholic (ETBA) and Brown (ETBR) as the dependent variables. 
Evapotranspiration estimates by energy budget-Bowen ratio (ETEB),  
van Bavel (ETVB ) , and Penman (ETPN ) a1"'e the independent variables. 
Values of standard error (SE) of the estimate indicate less scatter 
in the Bartholic ET estimc1tes (ETBA), than in the Brown ET estimates 
(ETBR). The lower the value of SE of the estimate, the less the 
scatter of  dat& a�c�t the regression line. If N (nun1ber of obser-
vations ) is large enough, 6 8% of the observations should lie within 
lines constructed parallel to the regression line at a vertical 
distance of ± 3E. The ETBA versus ETEB data had a SE of the 
estimate of 3. 89 ly/hr and the ETBA versus ETPN data had a SE of the 
estimate value of 2. 70 ly/hr. The SE of the estimate value for the 
ETBA v�rsus ETVB . data was the largest of the three at 8 . 69 ly/hr . 
Table 13. Simple linear regression and correlation analysis of ET by Bartholic ( ETBA) and 
ET by Brown (ETBR) with ET by energy budget-Bowen ratio (ETEB ), ET by van Bavel 
( ETVB), and ET by Penman ( ETPN). ET values are in units of ly/hr. 
Number of SE of the Correlation�td: Coefficient of 
Regression equation observations estimate coefficient determination 
ETBA = -0. 20 + 0. 817ETEB 197 3 . 89  0. 944 0. 892 
ETBA = 5. 90 + 0.356ETVB 204 8. 69 0.697 0.485 
ETBA = - 2. 68 + 0. 91ETPN 204 2. 70 0. 9'/ 5  0. 950 
ETBR = � .09 + l.07ETEB 190 11.06 0. 783 0.613  
ETBR = 3.44 + . 655ETVB 202 10. 76 0. 8 17 0. 667  
ETBR = L 31 + 1. 21ETPN 202 10 . 23 0.836 0.699 





The SE of the estima-te values involving the Brown method were all of 
approximately the same magnitude (10-11  ly/hr ). 
All six of the correlations were significant at, the 0. 01 
probability level. The coefficient of determination values (ratio 
of explained variation to total variation denoted by R2) show the 
ETBA versus ETVB correlation having the most unexplained variation 
(R2 = 0. 485 ). The coefficient of determination values for ETBA 
versus ETEB and for FTBA versus ETPN were very good ; 0. 892 and 0. 950, 
respecti 1ely. All coefficient of determinat ion values iuvolving 
ETBR were between 0. 6 and 0. 7. 
The simple linear regression equations listed in Table 13 are 
shown in Fig. 33. A 1 : 1  line was drawn to aid in evaluation of the 
various methods. The van Bavel method agreed poorly with both the 
Bartholic and Brown methods, as evidenced by the distance from the 
ETVB regression line to the 1 : 1 line. The agreement between the 
ETPN and ETEB regression lines and the 1 : 1 line was about equal in 
each comparison. The regression lines were below the 1 : 1 line in 
the ETBA case and above the 1 : 1 line in the ETBR case. If the 
independent variables ETPN, ETEB, and ETVB all assume a typical 
afternoon value of 40 ly/hr (see Fig. 2 4, 25, and 26 ), the ETBA 
estimates would be 33. 7, 32. 5 ,  and 20. 2 ly/hr, respectively. The 
ETBA estimates are too low by 15. 7, 18. 8, and 49. 5%, respectively, if 
the value of 40 ly/hr for each of the j ndependent variables is 
assumed correct. If ETPN, BTEB , and ETVB assume a value of 40 ly/hr, 
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ETBR est imates would be too h igh by 24. 2 and 19. 7% using the ETPN and 
ETEB regression line s , respect ively. Using the ETVB regress ion line , 
the ETBR estimat e  would be 26. 0% too low. These errors would assume 
the 40 ly/hr for the independent variable t o b e  correct. 
The percentage errors discus s ed in the previous paragraph would 
change if value s other than 40 ly/hr were select ed for the independent 
variables. With the typical afternoon ET value of 40 ly/hr assumed 
for ETPN and ETEB , ETRA e st imat e s  were approximat ely 17% too small 
and ETBR estimates were approximately 22% t oo large. The error uf  
20% in ET  est imates ,  calculat ed using STPN and ETEB as base values , 
can poss ibly be tolerated. The po sit ive value of be ing able to 
estimate ET rate s remotely for large areas o ffset s the po s s ib le loss 
in accuracy . Use of the Bartho l ic method requires fe ·wer input 
measurements than does use of the Br•own method. Both methods use 
estimates of net radiat ion ,  so il heat flux , canopy t emperat ure , and 
air t emperature. The Bartholic method make s  use of the pub l ished 
saturat ion vapor pre s sure over water versus t emperature relat ionship 
for obtaining vapor pressure values. The Brown method require s  an 
estimate of wind speed and aerodynamic charact erist ics of the 
evaporat ing surface (zero plane displacement and roughness length) .  
The Brown method does require fie ld data in addit ion t o that neede d  
by the Bar tholic method , thus mak ing the Bartholic method more 
des irable when con s idering necessary input. 
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SUM}1ARY AND CONCLUSIONS 
A study was conducte<l t o  invest igate the t
ransfer of energy and 
water in the soil-plant -atmosphere cont i
nuum of irr i'gated and 
nonirri gated sorghum. Tens iomcter dat a
 were used t o  estimate soil 
wat er flux and evapotranspiration rates
 ir each area . F ive equat ions 
using micr-oclimate dat a  were also emplo
yed to est imate evapo­
transpirat ion rates. Three of the eq
uat ions were the well-known 
methods of van Bavel, Penman, and en
ergy budge t -Bowen rat io. The 
other two equat ions used the surface
 temperature of the evaporating 
surface in est imating ET , and have r
ecently been d iscussed by 
Barthel tc et al. (1970) and Brown an
d Rosenberg ( 1972 ). 
Soil wat er flux in the nonirrigat ed 
area was upward in all soil 
depth intervals during the study. 
The upward flux in the 15 - 30 , 
30 -50 , and 50- 70 cm depth intervals 
decre ased with t ime during the 
study .  Upward flux in the 130- 150 c
m depth interval re ached a 
maximum of -0 . 17 cm/day .:J.nd then rema
ined near -0. 11 cm/day during 
the final two weeks of the study. Imm
ed iately after irrigat ion, 
flux wa s  downward in all soil depth
 intervals in the irrigated 
sorghum. The flux in the 130 - 150 cm
 depth interval remained down­
ward throughout the study. The flux 
in the 15 - 30 , 30-50 , and 50 - 70 
cm depth intervals reversed and beca
me upward within one week 
following irrigat ion Evapotranspiration rates 
were e stimated as 
profile water deplet ion minus so il wa
ter flux at the 150 cm depth. 
If profile water deplet ion had been eq
uated wi-lh evapotranspirat ion, 
and flux neglected, ET  would have been overe stimate d in the 
irrigated sorghum and underestimated in the nonirrigated sorghum. 
10 5 
The leaf diffusion res istance (LDR) data indicated a gradual 
increase in stre ss in the nonirrigated sorghu� relative to the 
i!"rigated sorghum during the study. D ifferences between LDR measure­
ments of irrigated and nonirrigated sorghum followed the same general 
pattern as the differences in ET rates between the two water regime s. 
The relationship betwP.en LDR difference s and ET  difference s  was 
evident ven though severe st ress did not develop during the stuJy. 
Canopy temperature data indicated that the irrigated sorghum 
canopy was usually 1-3 C cooler than the nonirrigated canopy during 
daylight hour•s. During n ighttime, there was no clear temperature 
differen ce betweE::i1 th e irrigated and nonirrigated sorghum canop ie s. 
On most dates , the ai!" temperature was warmer than the canopy 
temperature, often by as much as 3-5 C. During early morning hours, 
0000 to 0800 hours CDT, the canopy temperature was usually warmer 
than air temperature, often by 5-6 C. Canopy temperature responded 
rapidly to changes in global radiation, with the air temperature 
remaining at a .11eo.r constant value. The canopy response was more 
rapid and complete when radiation increased than when it decreased. 
The . five equations using microclimate data to estimate ET  gave 
larger e st imates of ET than did the tensiometer data. The van 
Bavel ,  Penman, and Bartholic methods are developed to yie ld 
estimates of potential ET. Du.ring the the s i s  study, actual ET would 
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h ave been less than i:,otenti al and the smaller est imates of ET obt ained 
us ing tensi ometers would have been expected. The energy budget-B owen 
ratio method neglects s ome energy s inks whi ch would have caused it s  
est imates of ET  t o  be larger than actual ET. 
With the development of remote thermal s canners, there is 
in creasing interes t  in us ing the temperature of the evaporat ing 
s urface -to es t imate evaporat ion. Both the Bartholi c and Brown 
meth ods make use of canopy temperatures in their est imat i on of 
evapotranspirat i on rates . Us ing s imp le linear regression and 
correlati on analys j s ,  the Bartholic ET estimates were found to be 
approximateJ3 17% sm�ller than typi cal ET es t imates by the Penman 
and ene-rgy budget-Bowen rat io methods. Us ing  the s ame analys i s, the 
Brown meth od yielded ET rates approximately 22% larger than typi cal 
Penman and energy budget-Bowen rati o  estimat es of ET rates. Both 
methods appear useable in remotely determin ing ET rates of veget ated 
surfaces. The Bartholic method ·requires les s  input data than does 
the Brown method. Thus, the Barthol i c method is sl ightly more 
desi rable from the s t andpoint of accuracy and input data. 
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